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SUMMARY 
 
 
Ponds are diverse habitats that make major contributions to regional biodiversity, yet 
have received relatively little attention compared to other freshwater environments.  
This study investigated the physico-chemical characteristics and ecology of a 
nationally important concentration of temporary upland ponds in Radnorshire, Wales 
in both spatial and temporal dimensions (up to 80 ponds over 18 months).  Plant and 
macroinvertebrate communities were typical of oligotrophic, acidic ponds and 
appeared to vary along gradients of pH and hydroperiod, whilst including several 
nationally rare/threatened taxa.  A national classification based on the biological 
community of temporary ponds grouped Radnorshire ponds with a few others in 
western Britain.  Ponds were generally small, shallow and acidic with low 
concentrations of nutrients and dissolved minerals.  Water chemistry was associated 
with concentration by evaporation and dilution by rainwater, whilst the overall 
hydrology of ponds was successfully modelled using local meteorological data.  Over 
the course of the study, large increases in macroinvertebrate abundance were 
observed, but assemblage composition and richness were broadly constant.  
Seasonality in the abundance of individual macroinvertebrate taxa was evident and 
suggested that autumn was the optimum time for invertebrate sampling in terms of 
abundance and diversity.  Nearly 40% of the variation among ponds in 
macroinvertebrate and plant communities was explained by a combination of a 
species-area effect and differences in pH: no effect of pond isolation was detected 
within the context of the study region.  A cumulative species-area analysis found that 
a group of small ponds support higher biodiversity than a single large pond of the 
same area, highlighting the importance of considering beta diversity. Taken together, 
the findings of this PhD project justify the designation of Radnorshire as an Important 
Area for Ponds: the ponds form a distinct ‘pondscape’ of >80 waterbodies, with a 
highly dynamic environment and biota, and which provide a major habitat resource 
for rare species in the UK. 
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1: GENERAL INTRODUCTION 
 
Ponds are freshwater habitats which, in the UK, are defined as “a small body of standing 
water between 1m2 and 2 ha which holds water for at least 4 months of the year” (Biggs 
et al. 2005). The hydrological inputs to a pond can vary greatly, depending upon the 
geographical location and underlying geology (Williams 2006) and these two factors, 
combined with local climate, determine the length of time that a pond remains filled 
(i.e. its hydroperiod).  Ponds lie along a hydroperiod continuum, ranging from 
permanent ponds which remain filled throughout their life, perhaps drying only in 
exceptionally arid years, through to temporary ponds which may dry out in a predictable 
or unpredictable fashion, often one or more times per annum (Williams 2005).  The UK 
definition for a temporary ponds is a still water body that is characterised by a recurrent 
dry phase (Williams 1997).  This term can apply to any depression that fills periodically 
with water and so temporary ponds range from small vehicle tracks (Collinson et al. 
1995) to large waterbodies such as the Irish Turloughs (Sheehy Skeffington et al. 2006). 
 
Ponds are common features of the landscape and thus contribute greatly to freshwater 
biodiversity (Biggs et al. 1994, Bilton et al. 2009).  They are numerous and ubiquitous 
across the globe: they outnumber large lakes by several orders of magnitude, and are 
estimated to occupy 2.8% of the Earth’s non-oceanic land surface (Oertli et al. 2005, 
Downing et al. 2008).  Ponds are created by a variety of natural processes such as 
glaciation, land subsidence, river action and tree falls and have existed as long as there 
has been water on the Earth’s surface (Oertli et al. 2005).  They are found in every type 
of landscape including mountainous upland, forest, arctic desert, moorland, grassland, 
coastal margins and agricultural settings, and they are more common in areas with 
impervious geologies where surface water easily collects (Wood et al. 2003).  Despite 
this, relatively little research has been carried out on ponds compared to the hundreds of 
papers published annually on rivers and lakes (Biggs et al. 2005). 
 
1.1 Physico-chemical characteristics of ponds 
 
The physico-chemical characteristics of ponds (as with other aquatic habitats) can have 
an important influence on the biota that inhabits them.  Since pond inhabitants are in 
close contact with the water that surrounds them, dissolved substances in the water such 
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as oxygen, pH, nutrients, and other solutes all influence the flora and fauna in some way 
(Williams 2006).  For example, many chemical reactions that take place are affected by 
pH and it is known to affect the availability of substances in the water such as minerals, 
nutrients and heavy metals are influenced by the this (Guerold et al. 2000, Navratil et al. 
2009).  The pH of water affects can therefore greatly influence the community as it 
alters the availability of substances in the water.  
 
In addition to pH, the nature and concentration of dissolved substances can affect the 
turbidity of water which in turn affects the amount of light that can penetrate the water 
and this can influence plant communities (Chapman 1992).  Temperature is also an 
important aspect of a pond habitat.  It can affect the growth and development of species 
(Collinson et al. 1995) as well as influencing the amount of dissolved oxygen that is 
present in the water (Chapman 1992). 
 
One of the important aspects of the physico-chemical environment of ponds is that their 
relatively small size and depth can mean that they are subject to large daily fluctuations 
in temperature and dissolved oxygen (Podrabsky et al. 1998, Dominguez-Villar et al. 
2008).  This is particularly true for temporary ponds which are often more shallow than 
their permanent counterparts.  As evaporation takes place and water level recedes 
during times of low precipitation, there may also be changes in water chemistry such as 
pH and conductivity (Colburn 2004).  These changes may act as important biological 
cues to trigger deposition of eggs (Lake 1969), speed up development (Elliott et al. 
1988) or initiate the beginning of diapause in pond invertebrates (Dietz-Brantley et al. 
2002).  In pools that are surface fed, rainfall events may have a strong influence on 
water chemistry, either via dilution (Daborn 1976) or by transporting a range of 
substances from the atmosphere and/or surrounding land, which can change the 
concentration of dissolved substances or reduce pH through acid deposition 
(Dominguez-Villar et al. 2008).  The chemical composition of water may also be 
affected by freezing which can cause an increase in the concentrations of ions and 
minerals that are not incorporated into the crystal structure of ice (Daborn 1974).  Ponds 
are therefore intimately linked to surrounding environmental conditions and hence are 
sensitive to any changes in these.  These impacts on the chemical environment are often 
greatest in temporary ponds because of their shallow depth, small water volume, and 
larger catchment area to volume ratio – all of which reduce the buffering capacity of 
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temporary ponds compared to their permanent counterparts (Biggs et al. 2005). These 
large variations in the physicochemical environment characterise temporary ponds, but 
inevitably mean that the organisms that inhabit them must be tolerant of widely 
fluctuating conditions. 
 
The length of the hydroperiod and the frequency of drying events may determine how 
long a pond persists in the landscape over an evolutionary timescale.  Permanent ponds 
have a short geological life when compared with other water bodies as they undergo 
hydroseral succession, gradually filling with sediment and vegetation until they 
essentially become part of the terrestrial landscape (Gee et al. 1994).  Temporary ponds, 
on the other hand, may outlive larger ponds and lakes by several thousand years (Wood 
et al. 2003).  The reason for this is that during the dry phase, organic matter that has 
collected when the pond was filled with water is oxidised and layers of sediment can be 
blown away by the wind as dust, preventing the gradual accumulation of sediment 
(Collinson et al. 1995). 
 
1.2. Biotic  assemblages of ponds. 
 
Many species utilise ponds either for all or part of their life cycle, or to provide a much 
needed food source.  Ponds are particularly rich habitats for biodiversity and are 
inhabited by representatives from a wide range of taxa (Table 1.1).  Collectively, they 
support more species, specifically more scarce species and habitat-specialists, than other 
freshwater bodies at the landscape level (Williams et al. 2004).  In the UK for example, 
ponds support 10% more macroinvertebrate species than rivers and twice the number of 
uncommon species (Biggs et al. 2005). 
 
Temporary ponds also make an important contribution to biodiversity despite regularly 
drying out and losing their aquatic flora and fauna.  Whilst they typically contain  fewer 
species than their permanent counterparts, seasonal pools have been shown to be 
particularly important for rare and endemic species (Collinson et al. 1995, Della Bella et 
al. 2005).  Seventy-five percent of temporary ponds surveyed in England and Wales 
have been found to support at least one uncommon wetland plant species, based on 
designations produced by the Joint Nature Conservation Committee (JNCC) (Nicolet et 
al. 2004).  This in contrast to just 4% of permanent ponds sampled as part of the UK 
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Countryside Survey (Carey et al. 2008) highlighting the special contribution that 
temporary ponds make to biodiversity.  Additionally 82% of the ponds surveyed in a 
study on temporary ponds in England and Wales have been found to contain at least one 
uncommon macroinvertebrate species with one in four supporting a Red Data Book 
macroinvertebrate species (Nicolet et al. 2004). 
 
Table 1.1. – A list of taxa most commonly found in ponds 
 
 
 Common Name Taxonomic Group Classification 
  
  
Invertebrates Rotifers Rotifera Phylum 
 Flatworms Platyhelminthes Phylum 
 Segmented worms: Annelida: Phylum 
 Worms Oligochaeta Sub-class 
 Leeches Hirudinae Sub-class 
  Mollusca: Phylum 
 Snails Gastropoda Class 
 Mussels Bivalvia Class 
  Arthropoda: Phylum 
 Water fleas, shrimps Crustacea        Sub-phylum 
  Hexapoda: Sub-phylum 
  Insecta: Class 
 Beetles Coleoptera Order 
 Stoneflies Plecoptera Order 
 Mayflies Ephemoptera Order 
 Caddisflies Trichoptera Order 
 Dragonflies Odonata Order 
 Bugs Hemiptera Order 
 Flies, mosquitos Diptera Order 
Vertebrates  Chordata: Phylum 
  Vertebrata: Sub-phylum 
 Fish Chondrichthes Class 
  Actinopterygi Class 
 Frogs, toads and newts  Amphibia Class 
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The reasons that ponds support such high biodiversity are manifold.  One of the key 
reasons is that they are discrete, isolated habitats which vary in their environmental 
characteristics such as length of hydroperiod or water chemistry (Collinson et al. 1995).  
This means that each pond is colonised by a distinct suite of species best suited to the 
habitat conditions provided by that pond.  As a consequence, even if the diversity within 
individual ponds (alpha diversity) is modest, when considered collectively at a 
landscape or regional scale, ponds often have high beta and gamma diversity (Table 1.2, 
Williams et al. 2004).   
 
Table 1.2. – Definition of different types of diversity – following Heino (2011) 
 
Term Definition 
Alpha Diversity Number of species in a locality (e.g. a pond). Mainly determined by 
local biotic interactions and abiotic environmental factors, as well as 
the regional species pool. 
Beta Diversity Variation in species composition among localities in a region (e.g. 
between ponds). Mainly determined by environmental heterogeneity 
across the localities within a region. 
Gamma diversity Number of species in a region (e.g. study area, eco-region, biome). 
Mainly determined by large-scale climatic, ecological and historical 
factors. 
 
 
A second major reason for the diversity of pond biota is the occurrence of obligate pond 
species that are specifically adapted to life in a pond ecosystem, for example those 
temporary ponds species that exhibit adaptations to periods of drought or that occupy a 
niche in the absence of large predators or more competitive species (Scott et al. 1999).  
The kinds of special adaptations exhibited often preclude the existence of these species 
in larger or more permanent water bodies where the conditions do not fit their 
requirements.  For example the freshwater Crustacean, Chirocephalus diaphanus, 
produces eggs which require a period of drying before hatching is initiated; a condition 
which is not met by permanent ponds (Bratton and Fryer 1990).  
 
In order for temporary pond inhabitants to take advantage of the less predictable 
conditions of their habitat, they must either be good dispersers in order to be able to 
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leave the pond as conditions deteriorate or exhibit high developmental plasticity in 
order to deal with them (Neckles et al. 1990).  In addition to species which produce 
drought resistant eggs that are able to withstand unfavourable conditions (Hall and 
MacDonald 1975), the ability to aestivate or diapause in the leftover vegetation or 
sediment (Dietz-Brantley et al. 2002) and the ability to speed up and slow down 
development as conditions change (Elliott et al. 1988) are some of the adaptations that 
are utilised by temporary pond species in order to take advantage of the unpredictable 
conditions. 
 
1.3. Ponds in society 
 
As well as being important habitats for biodiversity, ponds provide direct economic and 
social benefits to human society, highlighting another reason why they are important 
habitats to conserve (Maltby et al. 2011).  Particularly, ponds provide many ecosystem 
services to society.  Traditionally ponds were used in agriculture as a source of food or 
to water livestock and irrigate crops.  They are used in civil engineering to alleviate 
peaks of storm flow in times of heavy rainfall in order to prevent flash flooding 
(Charlesworth et al. 2003).  They are also sinks for carbon burial, with some studies 
suggesting that, per unit area, ponds may bury up to four times as much carbon as the 
world’s oceans (Downing et al. 2008).  Ponds also provide significant aesthetic, 
recreational, cultural and historic value as ornamental features in gardens, hazards in 
golf courses and, in some cultures, often serve as a focal point for religious expression 
and celebration (Maltby et al. 2011). 
 
1.4. Threats 
 
In the last century, 55-60% of ponds in Britain, were lost although since 1998 pond 
numbers have increased slightly (Hull 1997, Williams et al. 1998, Carey et al. 2008, 
Figure 1.1).  Despite this pond numbers in the UK are currently nowhere near the 
million ponds that existed in the 19th century.  Ponds are subject to a variety of pressures 
and disturbances that threaten their persistence in the landscape.  One important issue is 
the view that all ponds need to be managed in order to retain their conservation value 
(Biggs et al. 1994).  Other common misconceptions concerning pond management 
include the belief that in order to be good for wildlife they should be deep and free of 
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vegetation or that drying out is detrimental to pond communities, the latter being of 
particular importance when considering temporary ponds.  Both of these 
misunderstandings can result in a pond being dredged in order to ‘salvage’ pond 
communities (Biggs et al. 2005).  However, whilst possibly benefiting certain species in 
the short term, this type of action can have lasting detrimental effects by depleting the 
resting seed and propagule bank that may have taken many years to form, as well 
impacting benthic organisms within the sediment (Koel and Stevenson 2002). 
 
 
 
Figure 1.1 Change in pond numbers over the last 120 years in Great Britain; redrawn 
from Biggs et al. (2005). 
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Another threat faced by ponds is the introduction of alien taxa including fish, snails, 
terrapins and plants.  These kinds of species are added to ponds for a number of reasons: 
to provide services such as biocontrol, to add aesthetic value to garden ponds or, as is 
often the case, to get rid of unwanted pets.  The addition of fish can disrupt established 
pond communities as they feed on and thus deplete both pelagic and benthic 
invertebrate communities in addition to reducing amphibian larval populations 
(Gregoire and Gunzburger 2008).   In the UK there are a number of introduced plant 
species that pose a serious threat to pond ecosystems, namely New Zealand pygmy 
weed Crassula helmsii, parrot feather (Myriophyllum aquaticum), Canadian pondweed 
(Elodea canadensis) and floating water fern (Azolla ficuloides).  In the absence of 
specific pests and disease these plants have high growth rates and out-compete native 
species, dominating pond vegetation in the process.  This serves to ‘choke up’ the pond 
and lead to considerable loss of biodiversity. 
 
Habitat destruction, modification and fragmentation result in the direct loss of pond 
habitat and disrupt the metapopulation structure of the pondscape, meaning that ponds 
become geographically isolated.  A potential consequence of this is that pond flora and 
fauna becomes genetically isolated which reduces the overall stability of the pondscape 
community.   Ponds also provide connectivity between larger wetlands, acting as 
‘stepping stones’ for species between adjacent freshwater habitats, encouraging the flow 
of genetic material.  Arable intensification in the UK during the 1940s and subsequently 
means that vast swathes of agricultural land was drained in preparation for the 
production of crops and, as a result, many ponds were lost from the landscape (Beebee 
1997).  Increased urban development and road production over the course of the century 
has also meant that many ponds have been destroyed (Williams et al. 1998). 
 
The water quality of many ponds is also under threat as a result of substances being 
washed in from the surrounding catchment.  Over 50% of ponds surveyed in England 
and Wales are of very poor quality based on the standard method for assessing the 
ecological quality of standing waters in the UK, the predictive system of multimetrics 
(PSYM, Carey et al. 2008). Ponds are acutely sensitive to pollution, as their small 
catchments and water volume means that there is little capacity to buffer or dilute 
pollutants (Biggs et al. 2005). In agricultural areas where the use of chemicals is 
commonplace, runoff often contains pesticides, herbicides and fertilisers, the latter of 
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which causes increased nutrient loading that can lead to eutrophication (Collinson et al. 
1995).  Veterinary medicines such as ivermectins and anthelminthes may also be 
delivered directly into ponds in the dung of some livestock, and these have been found 
to have effects on aquatic organisms (Tisler and Erzen 2006, Sanderson et al. 2007).  
Increased sedimentation due to processes such as afforestation or activities such as the 
use of off-road vehicles can also reduce water quality, and acidification has been shown 
to severely affect macroinvertebrates in freshwater ecosystems (Guerold et al. 2000, 
Peltzer et al. 2008).  
 
In recent times, many ecosystems across the globe have shown evidence of climate 
change effects, which are predicted to alter both temperature and precipitation patterns 
(Root et al. 2003). This in turn could have major effects upon the hydrology of ponds 
and other wetlands (Dimitriou et al. 1999). Drier conditions would affect ephemeral 
waters in a similar way to those imposed by drainage of land.  Wetter conditions, on the 
other hand, could increase the length of the hydroperiod, ultimately eliminating obligate 
temporary pond species that require a period of drying to complete their life cycle, or 
those that thrive in the predator free conditions.  Ponds can therefore be considered as a 
precariously balanced system and further study of their ecology is warranted. 
 
1.5. Legislation 
 
Within a wider European context, ponds are meant to be protected under two bits of 
relevant legislation:  The Habitats Directive (92/43/EEC) and the Water Framework 
Directive (WFD; 2000/60/EC).  However, in practise these do not necessarily result in 
the protection of ponds, in the UK.  Any water below a 50 ha size limit does not fall 
under the objectives set out by the WFD, which require all member states to achieve a 
good quality status in their water bodies by 2015.  Similarly, the Habitats Directive only 
recognises and protects habitats and species which are considered to be of European 
interest.  Special Areas of Conservation (SAC) are recognised to protect habitats and 
species that come under Annex 1 and Annex 2 of the Habitats Directive.  However, 
ponds (or pond species) are rarely the focal point of these conservation designations.  
The only pond SAC in Europe recognises ‘Mediterranean temporary ponds’ (SAC 
3170) which are characterised as shallow ponds that undergo a periodic cycle of 
flooding and drought that have a characteristic flora and fauna adapted to this 
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alternation (Ruiz 2008).  However, this designation is largely exclusive to the ponds in 
the UK with only one site in the extreme south-west of Britain recognised as having 
significant areas of this habitat (Joint Nature Conservation Committe 2008). 
 
The lack of specific legislation directed at the recognition of certain ponds for their 
biodiversity value has led to the recent inclusion of a new priority habitat for ‘Ponds of 
high ecological quality’ into the UK Biodiversity Action Plan (Biodiversity Reporting 
and Information Group 2008).  This finally means that the protection of ponds in the 
UK can now be the direct focus of a conservation designation rather than being an 
incidental one.  However, this legislation is still relatively new and therefore the full 
distribution of priority pond habitats in the UK remains to be assessed 
 
The historical neglect of ponds by freshwater ecologists and policy makers has initiated 
the formation of various pond conservation charities, associations and working groups 
which aim to increase the awareness if ponds in both the scientific and public domain 
(Biggs et al. 2005).  In the UK, Pond Conservation is responsible for promoting life in 
freshwaters whilst the European Pond Conservation Network in Europe (EPCN) 
provides an international workshop where people from across the globe can come to 
share knowledge about pond ecosystems. 
 
1.6. The context of the PhD 
 
Pond conservation is hampered by the limited understanding of pond ecosystems 
compared to larger wetlands (De Bie et al. 2008).  The last 20 years has seen increased 
interest in ponds across the globe, with a growing body of research concerning the 
physical environment, ecology, and the links between them in the UK (Jeffries 2005), 
mainland Europe (Cereghino et al. 2008, Oertli et al. 2009) and further afield in 
America (Brooks 2000, Studinski and Grubbs 2007), Australia (Hancock and Timms 
2002), Africa (Vanschoenwinkel et al. 2009) and in Asia (Shieh and Chi 2010).  Despite 
this, few studies have investigated fundamental aspects such as pond biodiversity on a 
catchment scale or the seasonal dynamics of ponds (Angelibert et al. 2004) and in 
comparison to larger freshwater ecosystems the number of publications remains small.  
Many gaps remain in the knowledge of pond ecology and it is vital that these are filled, 
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given the conservation importance of ponds and the threats to their long term status 
reviewed above. 
 
More generally, temporary pools have received much less attention than permanent 
pools until the last 10-15 years when they began to be recognised for their conservation 
value.  Because of the MTP legislation in mainland Europe temporary pond work has 
been increasing.  However, in the UK, few comprehensive studies have taken place on 
temporary ponds (Nicolet 2003, McAbendroth 2004, Ewald 2008).  Whilst recognised 
as unique environments, there is a desperate shortage of research into both their physical 
environment and the biological communities that inhabit them (Oertli et al. 2009). The 
long term conservation of these habitats demands a clearer understanding of their 
ecology.  
 
This gap is even more relevant to much of Wales, with no substantial pond research 
having been carried out previously.  The most comprehensive bit of work on ponds in 
Wales is Pond Conservation’s Important Area for Ponds (IAP) report (Nicolet et al. 
2007).  This project was set up to identify, and therefore help protect, networks of the 
most important ponds for their biodiversity.  This was so that these areas could be 
highlighted for practitioners, with the intention that further policy, research and 
management and creation projects could be directed where they would provide the most 
benefit.  This report did not conduct new surveys but gathered and collated existing data 
from a number of sources in order to identify networks of high quality ponds so that 
future work can be directed towards them.  One of the outcomes of this work was that 
Radnorshire was identified as an important area for ponds.  In this case of the IAP 
recognised that ponds in the area are known to provide suitable habitat for protected 
species such as the aquatic fern, Pilwort (Pilularia globulifera) and the fairy shrimp 
(Chirocephalus diaphanus) which are distinctive species of temporary ponds.  Despite 
the recognition of this area for its pond network, the extent of the species mentioned or 
of the pond habitat generally, remains largely unknown. 
 
It is against this background of major gaps in pond research, and especially the gaps 
concerning temporary ponds and the IAP of mid-Wales, that this PhD project was 
conceived.  Focusing on a network of ponds in Radnorshire, it aimed to reveal greater 
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detail about Welsh upland ponds and the functioning of temporary ponds more 
generally. 
 
1.7. Study area  
 
Radnorshire is one of the thirteen historic administrative counties of Wales and is 
located in the county of Powys.  It is positioned in the centre of the country and shares 
its eastern border with England (Figure 1.2).  Historically the region was dominated by 
upland pastoral hill farming and much of this way of farming remains today.  The area 
contains a number of upland areas of unenclosed common land which is mostly 
dominated by upland heath habitats and moorland pasture (Nicolet et al. 2007).   
 
The underlying geology of this region was laid down in the upper Silurian period and 
consists of Ludlow shales and mudstones with limestone present.  In some instances 
these are layered, forming flat platforms in a step-like fashion up the mountain side, 
which lend themselves to the formation of shallow ponds.  Soil types in the area range  
between freely draining acid loamy soils to slowly permeable, seasonally wet acid 
loams and clays which have impeded drainage (National Soil Resources Institute 2011). 
 
Radnorshire itself is situated in the rain shadow of the Cambrian Mountains, resulting in 
a relatively low annual rainfall of 1000-1500 mm compared to further west in Wales 
(Fig. 1.3).  This level of precipitation is insufficient to sustain blanket peat bog which 
covers the hills to the west of the Wye (Slater et al. 1991) so instead the upland 
landscape is marked by many shallow and frequently ephemeral pools (APPENDIX 1a, 
1b).  Many of these pools are known to be at least 100 years old and appear on the 
Ordnance Survey maps of the 1890s.  They appear to be unusual within the Principality; 
both in terms of their fluctuating nature and their biota.  This also appears to be the case 
within a wider national context, although it has been suggested that they may be 
biologically related to pools in the New Forest, Hampshire and to those on the Lizard in 
Cornwall (Bilton et al. 2009).  It is within these regions that the UK’s only 
Mediterranean temporary ponds are located.  Thus, if Radnorshire ponds are closely 
related to ponds in this region this could have some more interesting implications in 
terms of the recognition of MTPs in the UK. 
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Figure 1.2 – Inset: Map showing the location of Radnorshire in Wales.  The hashed 
rectangle denotes the area where ponds are located.  Main: Map showing the study 
region of the current project.  Blue circles denote ponds included in the study; SSSI 
areas are highlighted green and the border between Radnorshire and Breckonshire is in 
red.  Map produced in ArcGIS, version 9.2 (ESRI, Redlands, CA, USA). 
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Little scientific work has been carried out on upland ponds in mid-Wales, despite the 
fact that some fall within the Maeliennydd and Llandeilo, Llanbedr and Rhulen Hill 
Sites of Special Scientific Interest (SSSI) (Figure 1.2).  Some of the pools are also 
known to contain species of national interest such as the UK Red listed fern Pilwort 
(Pilularia globulifera), and the fairy shrimp (Chirocephalus diaphanus) both of which 
are priority species in the UK Biodiversity Action Plan (Slater et al. 1991, Bradley and 
Bradley 2007).  As these ponds are located in unimproved upland heath they are used as 
a source of drinking water by sheep and mountain ponies that graze there, and this -
combined with the fluctuating nature of the pools - is believed to provide the necessary 
conditions for the persistence of both of these species.  For example Pilwort requires 
fluctuating water levels and trampling by animals in order to exclude the more 
competitive wetland species (e.g. rushes, Juncus spp.) which otherwise out-compete it 
(Scott et al. 1999).  Similarly, the fairy shrimp requires a period of desiccation in order 
to exclude larger predators, and the presence of sheep and pony dung provides a suitable 
substrate for the development of microscopic bacteria and algae upon which it feeds 
(Bratton and Fryer 1990). 
 
Published work on these Radnorshire pools is restricted to notes on Coleoptera 
inhabiting the margins of temporary pools (Sanderson and Wilkinson 1989), the 
discovery of a previously described plant association within the pools (Slater et al. 
1991), and more recently Pond Conservations’ work that recognises Radnorshire as an 
‘Important Area for Ponds’ (IAP) due to the abundance of upland pools in the region 
(Nicolet et al. 2007).  Despite this interest in these pools, there have been no detailed 
spatial or temporal studies to define the physical and biological characteristics of upland 
pools in the area.   
 
By addressing this issue, more information could be gleaned about the characteristics of 
the type of pool, or types of pool, in the area.  This could see these pools designated 
priority status under new UK Biodiversity Action Plan guidelines that recognise ‘Ponds 
of High Ecological Quality’, as a habitat worth preserving. 
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Figure 1.3 – Map showing average rainfall data (mm) for Wales reproduced from 
www.metoffice.gov.uk.  Radnorshire is marked in red. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.8.  Study aims 
 
This project aimed to describe the physical and biological characteristics of upland 
ponds in Radnorshire, looking at both geographical patterns (among-pond variation) and 
temporal variation within ponds, and trying to describe the links between the ecology 
and physical habitat.  Detailed aims and hypotheses are outlined in each of the four 
main chapters, all of which are self-contained in the form of a paper.  The general aims 
for each chapter were: 
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Chapter 2. To characterise the macrophyte and macroinvertebrate communities of the 
Radnorshire ponds; describe their conservation value; create a classification of UK 
temporary ponds and evaluate whether Radnorshire ponds are distinctive in a UK 
context.  
 
Chapter 3.  To perform a census of Radnorshire ponds; describe their abiotic 
characteristics both spatially and temporally; quantify the relationships between climate, 
hydrology and water chemistry; and develop a hydrological model to evaluate whether 
pond volume can be predicted using climatic information 
 
Chapter 4. To quantify the temporal variation in macroinvertebrate communities of 
upland ponds over a complete year and investigate whether these variations can be 
attributed to changes in environmental conditions which may act as cues for migration 
or development. 
 
Chapter 5. To investigate the relative roles of local and regional environmental factors 
on upland pond communities; test the hypotheses that large and less isolated ponds 
support higher diversity; and evaluate the relative conservation value of small numbers 
of large ponds compared to greater numbers of small ponds. 
 
1.9 Study timeline. 
 
Due to the way the project progressed, the data were not presented in the same order 
that they were collected.  To aid the reader a timetable of data collection is outline in 
Figure 1.4. 
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2: THE BIODIVERSITY AND NATIONAL CONTEXT OF UPLAND PONDS IN 
RADNORSHIRE, WALES 
 
ABSTRACT 
 
Ponds make an important contribution to biodiversity, collectively supporting more 
freshwater species than rivers or lakes.  Despite this, ponds receive little legislative 
protection.  Although there is increasing awareness of the conservation value of ponds, 
there are still many knowledge gaps and many regions contain concentrations of ponds 
that remain inadequately surveyed.  Radnorshire in Wales is one of these regions despite 
being identified as one of Pond Conservation’s Important Areas for Ponds (IAPs) and 
there is virtually no published work investigating the pond plant and macroinvertebrate 
assemblages in the vicinity.  This study investigates the biological communities of 39 
upland ponds in Radnorshire: describing the plant and macroinvertebrate assemblages 
that they support, identifying their conservation value and placing them in a national 
context with respect to data collected from temporary ponds across England and Wales.  
Plant and macroinvertebrate data were collected using standard National Pond Survey 
methodology.  A total of 28 higher plant and 106 macroinvertebrate taxa were identified 
during the study.  The average taxonomic richness per pond was 7 (± 3 S.D.) and 21 (± 9 
S.D.) species for plants and invertebrates respectively.  The species most frequently 
encountered were typical of oligotrophic, acidic, heathland pools and the communities 
of both macrophytes and macroinvertebrates were typical of pond habitats that range 
from acidic to circumneutral with varying degrees of water permanence. Using a Species 
Rarity Index, the conservation value was found to be comparable to that of other 
temporary ponds in England and Wales due to the presence of two Red Data Book and 
three nationally scarce species.  TWINSPAN analysis found ponds in this survey had 
distinctive macrophyte and macroinvertebrate assemblages, resembling other ponds in 
the western half of the UK that were located in upland heath and had low pH.  The 
combination of the distinctive hydrology, presence of rare species and the unique 
landscape context of the Radnorshire ponds creates a strong case for their greater 
protection. 
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2.1. INTRODUCTION 
 
At a regional scale, ponds are highly biodiverse habitats supporting 10% more species 
than larger freshwater systems such as rivers or lakes (Williams et al. 2004, Biggs et al. 
2005).  They have also been found to support up to twice as many nationally scarce 
species than larger freshwater habitats, when comparing 1500m2 portions of habitat 
(Williams et al. 2004).  One of the reasons why ponds are so diverse is that they are 
discrete, isolated habitats which each vary in their abiotic characteristics.  This means 
that each pond provides a unique environment which is colonised by a distinct suite of 
species best suited to the conditions provided by the pond (Biggs et al. 2005).  Whilst 
the number of species (alpha diversity; Table 1.2) in a single pond habitat may not be 
exceptionally high, dissimilarity in pond communities that results from local differences 
in abiotic characteristics can result in high levels of variation in community composition 
(beta diversity; Table 1.2) among ponds.  Thus the overall number of species within a 
region (gamma diversity; Table 1.2) can be large (Williams et al. 2004).  This is in 
comparison to larger freshwater habitats such as rivers where variations in 
environmental conditions and the resulting communities ‘average out’ (Biggs et al. 
2005). 
 
Despite their contribution to freshwater biodiversity, it is only recently that ponds have 
been afforded protective legislation as a habitat in their own right within the UK.  Prior 
to this, ponds were only protected should they contain species that were protected or fell 
within a wider habitat designation (e.g. Site of Special Scientific Interest (SSSI); Special 
Area for Conservation (SAC)). A European directive recognising and protecting 
‘Mediterranean temporary ponds’ exists but this designation is exclusive to the majority 
of ponds in the UK and has only been applied to a few ponds which support the relevant 
plant and macroinvertebrate assemblages in the extreme south-west of Britain 
(McAbendroth 2004, Joint Nature Conservation Committee 2007).  Recent inclusion of 
a new priority habitat for ‘Ponds of high ecological quality’ into the UK Biodiversity 
Action Plan (Biodiversity Reporting and Information Group 2008) means that the 
protection of ponds can now be the direct focus of a conservation designation as 
opposed to the consequence of one. 
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Temporary and fluctuating ponds across the globe support many rare and endemic 
species (Collinson et al. 1995, Della Bella et al. 2005) and in recent years some initial 
studies have been carried out to document the flora and fauna of temporary ponds in the 
UK (Nicolet 2003, McAbendroth 2004, Ewald 2008).  These studies concluded that 
temporary and fluctuating ponds are of major conservation value and contribute 
significantly to the biodiversity of the UK.   Despite these findings, very few temporary 
ponds in the UK have been sampled and so the full extent of their conservation value is 
unknown.  Upland ponds in Radnorshire, Wales, are no exception and little work has 
been conducted to assess their biodiversity.  This is despite the fact that the region has 
been recognised as an Important Area for Ponds (IAP) by Pond Conservation (Nicolet et 
al. 1997).  The IAP concept gathers and collates existing data from a number of sources 
in order to identify networks of high quality ponds so that future work can be directed 
towards them.  In the case of Radnorshire, the IAP recognises that some ponds are 
known to provide suitable habitat for protected species such as the aquatic fern, Pilwort 
(Pilularia globulifera) and the fairy shrimp (Chirocephalus diaphanus) which are 
distinctive species of temporary ponds.  In spite of this, no detailed inventory of the 
invertebrate fauna of ponds in the region has been conducted, whilst only one study has 
been made of the macrophyte community (Slater et al. 1991).  Additionally no previous 
work has been done to unify the plant and macroinvertebrate assemblages of these 
ponds.  
 
This chapter aims to describe the macroinvertebrate and macrophyte communities of 
upland ponds in Radnorshire, Wales to assess their conservation value in relation to the 
UK Biodiversity Action Plan ‘Ponds of High Ecological Quality’ criteria (Biodiversity 
Reporting and Information Group 2008, Table 2.1).  These data are also used to place 
the ponds within a UK-wide context based on their flora and fauna using a more 
spatially extensive data set of temporary ponds (Nicolet 2003).  The purpose of this was 
to evaluate whether Radnorshire ponds can be regarded as a distinct subset of temporary 
ponds in the UK or are closely related to temporary ponds in other studied pond regions 
in the UK (e.g. the New Forest, Hampshire).  Such a nationwide comparison should help 
to discern the contribution that Radnorshire ponds make to national biodiversity and 
could potentially be used to inform conservation strategies. 
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2.2 METHODS 
 
2.2.1. Preliminary survey 
 
A preliminary census of upland ponds in Radnorshire was conducted from autumn 2007 
until spring 2008.  A search was conducted to identify upland ponds within the vice 
county of Radnorshire. As upland ponds were of primary interest, only those located 
above an altitude of 200 m were sampled.  Ponds were identified within the boundary of 
Ordnance Survey Explorer Map 188 as well as using ground search and historical 
records.  Distribution of the upland ponds identified in the preliminary study showed 
that they were clustered over five distinct hilltops (Figure 1.2).   
 
 
2.2.2. Study ponds 
 
Thirty-nine ponds were selected for a biological survey of the plant and 
macroinvertebrate communities of ponds.  Ponds were chosen randomly and stratified 
geographically with respect to the five hilltops:  Aberedw Hill (AH), Llandeilo-
Llanbedr Hill complex (LL) the Begwns (BG), Red Hill (RH) and the Maeliennydd 
(MA; Figure 1.2).  Ponds were chosen randomly using a geographical stratification.  
This meant that the number of ponds selected for study on each hill was proportional to 
the total number of ponds located on each of the hills in the census.  The final number 
of ponds therefore surveyed on each hill was 19AB:12LL:4BG:3MA:1RH (APPENDIX 
1a, 1c).  Due to time constraints only macroinvertebrate samples taken from 35 of the 
ponds were processed and used in analysis (18AB:12LL:3BG:2MA).  Vegetation data 
from all 39 ponds were analysed. 
 
2.2.3. Macroinvertebrate sampling 
 
Macroinvertebrates were sampled in Spring (April – May) 2010 following the National 
Pond Survey methodology  (Biggs et al. 1998).  This procedure involves conducting a 
timed 3 minute sample in all the main mesohabitats in a pond in order to collect as many 
species as possible.  Each pond was divided visually into its different mesohabitats 
based on the main types of vegetation structure and species composition i.e. emergent, 
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submerged and floating leaved (Biggs et al. 1998).  Where a mesohabitat was extensive 
or covered several widely separated areas of the pond the sampling time allocated to 
each mesohabitat was further subdivided in order to represent it adequately.  Samples 
were then emptied into a sorting tray where any amphibians and their larvae were 
removed.  The rest of the sample was preserved in 70% ethanol for later identification. 
 
Identification was carried out in the laboratory using a binocular microscope with a 
maximum magnification of X 200.  Specimens were identified to species level wherever 
possible using the appropriate identification keys (Hammond 1977, Elliott et al. 1988, 
Friday 1988, Savage 1989, Wallace et al. 1990, Savage 1999, Cham 2007).  Diptera, 
Hirundinae, Oligochaeta and Tricladida were identified to family level.  Due to 
difficulties in identifying early instar specimens of some taxa, some identifications were 
only possible to genus level.  This was the case for genera of the dragonflies, Aeshna, 
Libellulidae and Sympetrum as well as for the greater water boatmen, Notonecta.  At the 
beginning of the identification process a total of 15 hours was spent identifying 
specimens at the National Museum of Wales, Cardiff where they could be compared 
against the collections and help could be sought from taxonomic experts in the case of 
more difficult taxa. 
 
2.2.4. Vegetation sampling 
 
Wetland plant surveys were carried out on the same visits as macroinvertebrate samples.  
These were conducted following the procedures set out in the National Pond Survey 
methodology which involves walking the perimeter of the pond and recording every 
separate aquatic species within the maximum winter water level (Biggs et al. 1998).  
Because ponds were shallow enough to see to the bottom, this method was sufficient to 
cover all species.  Any species that could not be identified in the field were collected and 
taken back to the laboratory for later identification following Stace (1997).  Due to 
variability in gross morphological features, fine leaved Starworts (Callitriche spp.) were 
only recorded to the level of genus (Landsdowne 2006) as were Charophytes. 
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2.2.5. Environmental variables 
 
During the preliminary survey, eight figure grid references and altitude (to the nearest 
meter) were recorded using a Magellan Meridian Platinum (San Dimas, CA, USA) 
Geographical Positioning System.  Maximum dimensions (length (m) and width (m)) of 
the water surface were recorded using a 100 m tape measure.  Depth was measured to 
the nearest cm using a graduated meter stick which was pushed all the way into the 
sediment to get a measure of total depth (sediment + water).  Water depth was measured 
by resting the meter stick on a thin board which prevented the stick from sinking into the 
sediment.  Sediment depth was calculated by subtracting water depth from the total 
depth.   Six depth measurements were made along the length and width transects and the 
mean taken to give an average measure of sediment and water depth for each pond.  As 
ponds were relatively shallow, measurements were taken all the way across each pond.  
Basic water chemistry (pH and conductivity; µS/cm) was recorded at each visit using a 
VWR Symphony pH/conductivity meter (Radnor, PA, USA). 
 
2.2.6.  National context data 
 
The plant and macroinvertebrate data were compared to data collected for minimally 
impaired temporary ponds located in England and Wales, hereafter referred to as the 
National Data (Nicolet 2003).  These data were collected using the same National Pond 
Survey methodology (pg 21) between March and May and so were directly comparable 
to the data in this survey.  A total of 70 macroinvertebrate samples and 70 macrophyte 
samples collected during the National survey were appropriate for comparison with data 
from the current survey (Figure. 2.1).  These samples were collected between 1999 and 
2001. 
 
Data were checked for taxonomic scope and resolution so that the Radnorshire and 
National Data were comparable.  This meant amalgamating some of the species in the 
National Data to higher taxonomic groupings where appropriate.  For example, National 
records of leech species were grouped into their respective families, since they were 
only identified to family level for this survey.  Bryophytes were not recorded to species 
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in the national survey and so these were not considered when TWINSPAN was 
conducted. 
 
2.2.7.  Data Analysis 
 
Species Rarity Index (SRI) 
 
The Species Rarity Index (SRI) is a tool by which the conservation value of a habitat 
can be assessed and has been applied to pond biota on a number of occasions (Collinson 
et al. 1995, Painter 1999, Williams et al. 2004, Davies et al. 2008, Bilton et al. 2009).  
The principle is to obtain a score that summarises the rarity of species that exist within a 
habitat without being biased towards species rich sites or penalising species poor sites. 
This is done by i) allocating each species a numerical value based on its rarity (Table 
2.2), ranging from 1 (most common) to 16 (rarest), ii) summing the score of all species 
in the sample to give a Species Rarity Score (SRS), and  iii) dividing the SRS by the 
number of species in the habitat to give the SRI.  A pond with an SRI of 1 therefore has 
no uncommon or rare species.  The maximum possible SRI achievable would be 16 i.e. 
a pond in which every species is classed as “endangered”. 
 
SRI scores were used to compare the conservation value of ponds in terms of their plant 
and macroinvertebrate assemblages.  The conservation statuses of individual species 
were derived from a spreadsheet maintained by the Joint Nature Conservation 
Committee (Bratton 1991, Cheffings et al. 2005, Daguet et al. 2008, Foster 2010, Joint 
Nature Conservation Committee 2011).  Species which are designated a rarity score >1 
are termed ‘uncommon taxa’ hereafter. 
 
Correspondence Analysis 
 
Multivariate analysis was conducted using CANOCO for Windows v4.5 (ter Braak and 
Smilauer 2002).  Correspondence Analysis (CA: Hill 1973) was conducted separately on 
the macroinvertebrate and plant community data. This was to summarise the 
assemblage-level data, looking for any major faunal or floral gradients across the ponds 
and to see whether there were distinct sub-groups of ponds based on their biota. (ter 
Braak and Smilauer 2002).   Presence-absence data were used throughout and rare 
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species were not downweighted (following ter Braak and Smilauer 2002).  The number 
of ponds analysed was 35 for macroinvertebrates and 38 for plants.  Pond 27 was 
excluded from the CA for plants as it skewed the results making it impossible to 
visualise any gradients amongst the remaining samples.  Removal of outliers from 
ordination is advocated since they cause undesirable compression of the ordination 
space (Gauch 1982).  Pond 27 was a bog pool that contained a number of novel taxa 
(e.g. Sharp flowered rush (Juncus acutiflorus) and bogbean (Menyanthes trifoliata)) 
which were not found in other ponds, which might explain why it skewed the analysis. 
 
Comparison with National Data 
 
Pairwise comparisons were made to compare the significance of differences between 
median species richness and the median number of different taxa in the two datasets.  
Due to non-normality in the data Mann-Whitney U tests were conducted in R 2.8.0 (R 
Development Core Team 2009). 
 
Classification 
 
Hierarchical classification of the plant and invertebrate data was carried out on the 
combined Radnorshire and National Data using Two Way-Indicator Species Analysis 
(TWINSPAN: Hill and Šmilauer 2005).  This is a divisive classification method which 
is carried out in three main steps.  First a primary ordination is performed which is 
divided to obtain the first crude dichotomy.  A refined ordination is then carried out 
using differential species that are specific to each side of the dichotomy.  Finally an 
indicator ordination is conducted based on a few of the most preferential species in order 
to see if the dichotomy suggested by the refined ordination can be reproduced.  
TWINSPAN recognises so called ‘indicator species’ at each level of division; species 
that are most strongly associated with the particular group identified by the algorithm 
(Hill and Šmilauer 2005). 
 
Comparisons of the environmental conditions among TWINSPAN groups were made to 
provide some context for interpreting the biological classification. Comparisons were 
made between eastings, northings, altitude, pH and conductivity.  Habitat permanence 
was compared by rating ponds with the simple scoring system of Nicolet (2003). This 
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used a four point scale from 1, never dries to 4, temporary.  The criteria used to assess 
ponds included i) information from land owners, ii) condition and depth of the pond 
sediments (with temporary ponds having firmer, shallower sediment due to oxidation 
during the dry phase), iii) direct observations during the summer months.  Due to non-
normality in the data Mann-Whitney U tests were conducted in R 2.8.0 (R Development 
Core Team 2009) to test the significance of differences in median biological and 
environmental conditions among the groups.   
 
Since the study was aimed at placing ponds in this survey in a national context, only the 
differences between groups containing the Radnorshire ponds and groups containing 
Radnorshire ponds and UK data were discussed in great detail.  Differences between 
groups of ponds in the wider UK dataset were not important to the results of this 
chapter. 
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2.3 RESULTS 
 
2.3.1. Biota of upland ponds in mid-Wales 
 
2.3.1.1. Plants 
 
A total of 32 taxa were identified throughout the survey which included both vascular 
and non vascular plants (Appendix 2; Table 1).  These comprised 19 emergent, 11 
submerged and 2 floating taxa as classified in the National Pond Survey Methods (Table 
2.2, Biggs et al. 1998). Four of these taxa were bryophytes.  The mean number of taxa 
recorded per pond was 7 (± 3 S.D.), with a range of 2–16.  The most frequently 
occurring aquatic plant recorded during the survey was floating sweet grass, Glyceria 
fluitans which was found at a total of 35 of the 39 ponds for which plant data were 
recorded.  Emergent vegetation was the most diverse vegetation type, with 61 % (19/32) 
of the species found during the survey falling into this category (Table 2.3).   
 
The first two axes derived by Correspondence Analysis could be readily mapped onto 
the preferences of individual plant species (Figure 2.2). Axis 1 appeared to represent a 
gradient of pH tolerance, with species that are typical of acidic soil conditions such as 
Juncus bulbosus and Carex nigra on the left of the plot, and those indicative of more 
neutral soils, such as Sparganium emersum, Myosotis scorpioides and Ranunculus 
hederaceus, positioned on the right of the plot (Stace 1997, Grime et al. 2007).  The 
second axis appeared to represent a gradient from species that are permanently 
immersed to those that are associated with damp margins, or drawdown zones. Low axis 
2 scores were represented by floating leaved Potamogeton polygonifolius and fully 
submerged species Myriophyllum alterniflorum and Ranunculus aquatilis, all indicative 
of permanent water, whilst high scores reflected plants such as Galium palustre, Carex 
echinata, Cardamine pratensis, Hydrocotyle vulgaris and Juncus articulatus, all of 
which are found in wet grassy places and on the damp margins of ponds and other 
waterbodies (Stace 1997, Grime et al. 2007). 
 
The 39 ponds were spread widely across the axes, indicating that the Radnorshire ponds 
provide conditions ranging from acidic to circumneutral and from those typical of more 
temporary habitats to those that remain inundated throughout most of the year (Figure 
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2.2). Around 46% (18/39) of the ponds clustered within a small region of the plot, 
between the origin and weakly negative scores on both axes, indicating similar plant 
community composition which was consistent with acidic conditions and an 
intermediate hydroperiod (Figure 2.2). 
 
2.3.1.2. Invertebrates 
 
A total of 105 macroinvertebrate taxa were recorded from Radnorshire ponds, of which 
101 were identified to species level (Appendix 2; Table 2).  Mean richness was 21(± 9 
S.D.) species per pond, with an overall range of 9 to 52 taxa. Coleoptera made up the 
majority of taxa recorded through the study contributing 47% (49/105) of the total 
(Figure. 2.3, Table 2.3).  Hemiptera were the next most diverse group making up 23% 
(24/105) of the total taxa recorded and were followed by the Odonata and the 
Trichoptera which each made up 10% of species recorded during the survey (Table 2.3).  
Most of the major groups of invertebrates were well represented in all of the ponds.  At 
least one Trichoptera species was present in all of the ponds surveyed, and both 
Coleoptera and Hemiptera were found in all but one of the ponds sampled.  Crustacea 
and the Plecoptera were rarely recorded (Figure 2.3, Table 2.3).  The most frequent 
species encountered was the caddisfly Limnephilus vitattus which is known to inhabit 
temporary ponds (Table 2.4).  Other frequently occurring species such as the beetles 
Hydroporus pubescens, Helophorus flavipes, Helophorus granularis and the bug 
Hesperocorixa castanea are typical of acidic habitats (Macan 1954, Hansen 1987, 
Nilsson and Holmen 1995). 
 
Correspondence Analysis of the macroinvertebrate data revealed longer axis lengths 
than for the analysis of plant community composition, indicating greater variation 
among ponds in the fauna than flora (Figure. 2.4).  The first axis appeared to represent a 
gradient of pond size and permanency.  Negative scores on the first axis were associated 
with species such as the caddis flies Anabolia nervosa and Oecetis ochracea and the 
hemipteran  Arctocorisa germari, all of which are linked with larger ponds or lakes that 
are permanent in nature (Savage 1989, Wallace et al. 1990).  Species that had large 
positive loadings on the first axis included those characteristic of shallow or temporary 
conditions such as the fairy shrimp Chirocephalus diaphanus and the beetle Paracymus 
scutellaris.  The spread of sites along the first axis also appeared to represent a pH 
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gradient with acid species Hydroporus memnonius, H. tristis, Enochrus ochropterus and 
Agabus montanus loading positively and those preferring more neutral conditions such 
as the Molluscs Lymnaea peregra, Gyraulus albus and Sphaerium spp. loading 
negatively (Holmen 1987, Nilsson and Holmen 1995).  Molluscs are excluded from 
most acidic habitats due to the low availability of shell-building calcium under acidic 
conditions (Macan 1994). 
 
The second axis appeared to represent the extent of vegetation cover in ponds.  Negative 
scores were characterised by the beetle species  Agabus nebulosus, Hydroglyphus 
geminus and Laccophilus minutus which are characteristic of new and open silt pools 
that have little or no vegetation (Nilsson and Holmen 1995).  The water bug Sigara 
lateralis is also characteristic of ponds that are free from vegetation as it is an open 
water species along with Sigara falleni (Macan and Macfayden 1941, Macan 1954).  At 
the opposite end of the axis were species typical of vegetated habitats.  For example, 
Hydroporus memnonius is found in small waterbodies that are rich in mosses whilst H. 
umbrosus is often abundant in pools with heavily vegetated margins (Nilsson and 
Holmen 1995).  Haliplus fulvus is another beetle species that has a preference for rich 
vegetation, especially Charophytes, whilst Rhantus exsoletus prefers large sites that have 
at least some vegetation (Nilsson and Holmen 1995, vanVondel and Dettner 1997).  The 
water measurer Hydrometra stagnorum also loaded strongly at this end of the axis and 
this species requires plenty of emergent vegetation which it uses as oviposition sites.  
The macroinvertebrate communities of the ponds in the area therefore represent pond 
habitats that range from acidic to circumneutral, vary in permanency and that provide 
different levels of vegetation cover.  
 
2.3.2. Conservation value of upland ponds in Radnorshire 
 
Four macroinvertebrate and one plant species were identified that contributed >1 to the 
SRI (Table 2.5).  Thirty-three out of the 39 ponds surveyed contained at least one plant 
or macroinvertebrate species regarded as uncommon by the JNCC (Table 2.5, Joint 
Nature Conservation Committee 2011).  The only plant species with a conservation 
designation status  was the fern Pillwort (Pilularia globulifera) which is listed as Near 
Threatened on the Vascular Plant Red Data List of Great Britain (Cheffings et al. 2005).  
This plant was encountered in 38% (15/39) of the ponds surveyed.  The actual SRI of 
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ponds may have been higher still since stoneworts (Nitella spp.) and starworts 
(Callitriche spp.) could only be identified to genus level, and so rare species with higher 
conservation scores may have been overlooked.  For example, Woods (1993) notes that 
the most common Charophyte in Radnorshire is Nitella flexilis which is designated as 
‘nationally scarce’ (Score of 2, Table 2.2).  If this species had been positively identified 
then the SRI of ponds where this plant was present would have been higher. 
 
Three of the five macroinvertebrate species identified as having conservation value in 
this study are regarded as nationally rare.  These were the beetles Helochares punctatus, 
Helophorus granularis and Paracymus scutellaris (Table 2.5).  The fairy shrimp 
Chirocephalus diaphanus is a Red Data Book species and has the status Vulnerable 
(Bratton 1991).  As with the plants, it is possible that the number of species qualifying 
for a rarity score was underestimated.  Adults of the Near Threatened damselfly 
Ischnura pumilio were observed at ponds on two separate occasions during the survey, 
but the nymphs of this species are difficult to separate from its common congener I. 
elegans.  It is possible therefore that some records of I. pumilio may have been recorded 
as I. elegans.  Eighty-six percent (30/35) of ponds in this survey contained nationally 
rare invertebrate species whilst 3% (1/35) contained a Red Data Book species.  In 
addition to identifying species which qualify as nationally ‘uncommon’ there were a 
number of discoveries of species for which no previous Radnorshire records could be 
found (Table 2.5).   
 
Macrophyte SRI for the ponds in this survey ranged from 1 to 1.6 with a mean of 1.15 
(Table 2.5). The main contribution to elevating SRI above 1 was made by P. globulifera 
(score 4) within the relatively species-poor plant community. The mean SRI for plants 
was higher than the invertebrate SRI, which averaged 1.09 with a range of 1 to 1.80. The 
SRI estimates for both plants and macroinvertebrates are likely to be conservative, due 
to the difficulties of identifying Nitella, Callitriche and Ischnura. 
   
2.3.3. Upland ponds in a national context  
 
The larger sample size and geographical scope of the National Data was reflected in a 
greater total diversity of both macrophytes and macroinvertebrates in these data, with 
155 plant species and 221 invertebrate taxa recorded once converted to the same 
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taxonomic resolution as the current survey (Table 2.6).  However, at the individual pond 
level the mean number of macroinvertebrate species per sample was not significantly 
different between the two datasets (Mann-Whitney U test; P= 0.4739, W=1200.5; n= 35, 
70; Table 2.6) although plant diversity of ponds in the National survey was more than 
double that found within the Radnorshire sample (Mann-Whitney U test; P <0.001; W = 
2294; n= 35, 70; Table 2.6).  One plant and fifteen macroinvertebrate species recorded 
during the current survey were absent from the National Data and these included the 
fairy shrimp, Chirocephalus diaphanus, which is a species that is restricted to temporary 
ponds.  The mean number of taxa per pond was found to be different for some 
invertebrate groups with significantly more Hemiptera (Mann-Whitney U test; P< 0.001, 
W = 2002.5; n= 35, 70) and Odonata (Mann-Whitney U test; P< 0.001, W = 1821.5; n= 
35, 70) species found in Radnorshire ponds whilst the average richness of Trichoptera 
(Mann-Whitney U test; P< 0.01, W = 576; n= 35, 70) and Mollusca (Mann-Whitney U 
test; P< 0.001, W = 1821.5; n= 35, 70) was significantly higher in the national dataset. 
 
Although the total number of uncommon (i.e. nationally rare/Red Data Book) 
macroinvertebrate and plant species present in the National Data was higher than in the 
present survey (Table 2.6), the proportion of ponds in the National Data that supported 
an uncommon species was lower than in the current survey with just 8% (6/70) of ponds 
in the National Data supporting an ‘uncommon’ plant species and 43% (30/70) 
supporting an ‘uncommon’ macroinvertebrate compared with 39% (15/39) and 89% 
(35/39) for Radnorshire ponds (Table 2.6).  In terms of SRI the maximum value 
recorded for both plants and macroinvertebrates was higher for the National Data, 
however, median SRI values were significantly higher for ponds in the current study 
(Mann-Whitney U test: plants: P < 0.001, W = 916; n= 39, 70; inverts: P < 0.001, W = 
1818.5; n= 39, 70; Table 2.6).   
 
2.3.3.1. Plants 
 
Eight different plant communities were identified by TWINSPAN analysis at 3 levels of 
division.  However, only the first two divisions were considered for the purpose of 
placing ponds within a national context (Figure. 2.5).  The first division was the most 
informative, as it separated all of the ponds in the current study from the majority of the 
National Data.  All but one of the Radnorshire ponds fell into Group 4, alongside three 
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ponds from the National Data, with the remaining Radnorshire pond (Pond 27) in Group 
3, alongside six other ponds from the National Data (Figure 2.5).  The vegetation sample 
from Pond 27 was the one that skewed the results of the CA due to the presence of 
Menyanthes trifoliata and Juncus acutiflorus; neither of which were recorded in any 
other Radnorshire ponds.  Amongst the nine ponds from the National Survey that were 
located in Groups 3 and 4, one was located within Radnorshire and another was located 
slightly south of the study area in Breconshire (Figure 2.6).  This supports the assertion 
that the two datasets are directly comparable since the essence of the plant community at 
these ponds was captured by both surveys.  Other ponds on this side of the division were 
located in Cornwall, Cumbria, Devon, the New Forest and Surrey (Figure 2.6).  With the 
exception of the pond located in the New Forest and Surrey the other National ponds 
which grouped with Radnorshire ones were located in the western UK.  Ponds in Groups 
3 and 4 were located significantly further west than ponds in Groups 1 and 2 (Mann-
Whitney U test: P<0.01, W=159; n= 61, 48), had a significantly lower pH (P<0.01, 
W=2324;n= 61, 48) and conductivity (Mann-Whitney U test:P<0.001, W=2382; n= 61, 
48), and were located at a higher altitude (Mann-Whitney U test:P<0.01, W= 1972; n= 
61, 48) than those in Groups 1 and 2 (Table 2.7). 
 
The indicator species for the first level of division reflect the difference in pH and 
nutrients (conductivity) between the ponds in Groups 1 and 2, versus Groups 3 and 4 
(Table 2.7).  A. stolonifera was the indicator for UK ponds in Groups 1 and 2 and is a 
species which has a preference for fertile soils and eutrophic waters (Grime et al. 2007).  
The indicators for ponds in Groups 3 and 4 were J. bulbosus, Litorella uniflora and 
Lythrum portula, all of which are indicative of infertile and acidic substrates (Stace 
1997, Grime et al. 2007).  The presence of these species as indicators also suggests a 
difference in habitat permanence between ponds on the two sides of the classification 
diagram.  A. stolonifera is a grass species that is found in a variety of habitats including 
both dry and wet ones.  In contrast J. bulbosus, Litorella uniflora and Lythrum portula 
tend to be found in places that retain some level of moisture.  Despite this they tolerate 
emersion very well and are indicative of a fluctuating habitat.  This interpretation is 
supported by observed differences in environmental conditions, with ponds in Group 1 
and 2 regarded as significantly more temporary than ponds in Group 3 and 4 (Mann-
Whitney U test: P<0.001, W=4232.2; n= 61, 48; Table 2.7)).  Ponds in Group 1 and 2 
were also located further east than those in Group 5 to 7 as well as being located at a 
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lower altitude (Table 2.7) which is reflected by the constancy of species in this group 
such as Solanum dulcamara which is exclusively a lowland species (Stace 1997). 
 
The second level of division saw Radnorshire ponds split off by themselves although 
three ponds from the National Survey grouped with Radnorshire ponds in Group 4. 
Group 3 ponds had lower SRI than Group 4 ponds and this was due to the increased 
frequency of Pilularia globulifera in the Radnorshire ponds.  Indicator species for the 
division between Groups 3 and 4 indicated a difference between habitats that are 
constantly wet (Group 3) and those that fluctuate between emersion and immersion 
(Group 4).  The indicator species for Group 3 was Molinia caerulea which is a species 
typical of moorland that has a preference for damp places (Grime et al. 2007).  Other 
common species in these groups were Eleogiton fluitans and Eriophorum angustifolium 
which are both typical bog species (Stace 1997).  Indicator species for Group 4 were 
Lythrum portula and Litorella uniflora.  These species are tolerant of varying degrees of 
desiccation and submersion, suggesting that the ponds in these groups are of a more 
fluctuating nature.  The third level of division (not shown) split the Radnorshire ponds 
into what appeared to be communities associated with larger more circumneutral ponds 
and acidic ponds that were located at higher altitude, although this separation was not 
clear. 
 
2.3.3.2. Macroinvertebrates 
 
TWINSPAN analysis of the macroinvertebrate communities also distinguished 
Radnorshire ponds, along with a subset from the National Data, from the rest of the UK 
at the first division (Figure 2.7).  In a similar pattern to the plant data, the different 
groups appeared to reflect differences in mean pH, conductivity and altitude (Table 2.8).  
Ten ponds from National Data grouped with Radnorshire ponds in Groups 1 and 2, 
seven of which were the same ponds that grouped with Radnorshire ponds in the plant 
classification.  These ponds were located in Radnorshire, Breconshire, Devon, Cornwall 
and Cumbria (Figure. 2.8).  Other ponds that showed similarity in invertebrate 
communities consisted of another site in Radnorshire as well as one located in 
Derbyshire and one in Yorkshire.  Environmental conditions of ponds in Groups 1 and 2 
combined, compared to Groups 3 and 4 combined, showed similar patterns to the plant 
classification.  Specifically, Radnorshire (and associated National) ponds were located 
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significantly further west (Mann-Whitney U test: P <0.001, W=299.0; n= 45, 60) and 
had significantly lower pH (Mann Whitney U test: P <0.001, W=578.5; n= 45, 60) and 
conductivity (Mann-Whitney U test: P<0.001, W=29.0; n= 45, 60) than National ponds 
(Groups 3 and 4; Figure 2.7; Table 2.8). 
 
The main biological difference between the two groups of ponds identified along the 
first division seemed to be in the pH and this was reflected by the indicator species for 
Groups 1 and 2 which were typical of acidic heathland ponds (Figure 2.7).  The beetles 
Helophorus flavipes, Hydroporus pubescens and the water bug Hesperocorixa castanea 
are all known to have a preferences for acidic, sphagnum ponds (Friday 1988, Savage 
1989).  Species typical of more basic conditions such as molluscs had higher constancy 
in Groups 3 and 4.  The water beetle Hydrobius fuscipes was the indicator species for 
these groups.  This is a euryoecious species which is generally widespread and tolerates 
a wide range of conditions.  It is known to have a preference for detritus ponds and the 
typical form of the species prefers stagnant water which is mainly neutral or basic 
(Holmen 1987). 
 
At the second TWINSPAN division, the indicator species for Group 1 ponds was the 
water bug Sigara distincta, whilst other water bug species such as S. falleni and S. 
dorsalis had high constancy values for this group.  All of these species are considered to 
prefer open water and are found more frequently in larger pools (Macan 1954, Savage 
1989).  Ponds in Group 1 did indeed have significantly larger area than ponds in Group 
2 (Mann Whitney U test: P=0.0003, W=379; n=14, 21) and a higher diversity of 
Hemipteran fauna than any other group identified. 
 
There was no indicator species for Group 2 ponds, however species that had the highest 
constancy for these ponds included Hydroporus pubescens, Helophorus flavipes and 
Agabus montanus which are typical of small, acidic ponds (Hansen 1987, Nilsson and 
Holmen 1995).  This group contained ponds which were on average the smallest and 
most acidic ponds in the study (Table 2.8).  They also had the least diverse fauna but the 
highest SRI.  A third TWINSPAN division revealed no distinct separation of the 
National Data and Radnorshire ponds found within Groups 1 and 2, with a number of 
National ponds grouping with Radnorshire ponds within every group.  This indicates the 
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similarities of some Radnorshire pond macroinvertebrate assemblages with some ponds 
in a wider UK context. 
 
2.4. DISCUSSION 
 
Despite their concentration in the landscape (Figure. 1.2), upland ponds in Radnorshire 
have received very little attention.  Considering this and the conservation value of other, 
better studied temporary ponds (Nicolet 2003, McAbendroth 2004, Ewald 2008) it is 
essential to characterise the biota of the Radnorshire ponds and how it relates to other 
ponds in the UK.  The only previous work by Slater et al. (1991), on a formerly 
unidentified plant association from Radnorshire ponds, had already documented plant 
species in the region.  However, in terms of invertebrate assemblages little was 
previously known.  This study addressed this by describing the plant and invertebrate 
assemblages of the ponds with reference to data from other temporary ponds in the UK. 
 
2.4.1. Biological characteristics of upland ponds in Radnorshire. 
 
A total of 28 plant (excluding bryophytes) and 106 macroinvertebrate taxa were 
identified from Radnorshire ponds in this study.  In terms of macroinvertebrates the 
mean species richness per pond was not significantly different to that recorded for 
temporary ponds nationally (Nicolet 2003).  However, it was found to be higher than 
those found for other local concentrations of ponds such as in the New Forest and The 
Lizard (Bilton et al. 2009) although this could not be tested significantly.  On the other 
hand, mean plant species richness in the present study was lower than that found in both 
of these earlier studies and compared to ponds from the Countryside Survey (Williams 
et al. 2007).  Upland habitats are often characterised by a depauperate flora in 
comparison with habitats at lower altitudes, due to the poor quality of the soil which 
results from leaching of minerals and acid deposition due to increased levels of rainfall 
(Fielding and Haworth 1999).  Given this fact, the observation that invertebrate diversity 
was virtually the same as the national average is an interesting result.  It might be 
explained by the fact that Radnorshire ponds appeared to dry out less frequently than 
those in the National Data.  Species richness typically increases as the length of the 
flooded phase increases and so ponds with a longer hydroperiod tend to have a larger 
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diversity (Collinson et al. 1995, Nicolet 2003).  This could account for the comparable 
diversity of ponds in Radnorshire despite their physicochemical conditions. 
 
The Coleoptera were the most diverse group of invertebrates found during the current 
survey followed by the Hemiptera and Trichoptera, and this was also found to be the 
case by Nicolet et al. (2004).  In the National Data, however, the Mollusca were the next 
most species rich group whereas Odonata took this position in the current study. 
Molluscan diversity was low in the Radnorshire ponds, which is probably due to the 
environmental conditions of the ponds in the area.  Mollusca require certain levels of 
dissolved ions for shell construction, the concentrations of which are limited at low pH 
(Chapman 1992, Macan 1994).  Trichoptera was the most widespread taxon found in 
this study, being present in 100 % of ponds.  Trichopterans are active fliers enabling 
them to disperse to ponds that are geographically isolated (Bilton et al. 2001), whilst 
other species such as the Crustacea are largely dependent on other animals for dispersal 
(Bohonak and Jenkins 2003, Vanschoenwinkel et al. 2008b) and this could be a reason 
why these taxa were underrepresented.  However, studies investigating methods of 
passive dispersal of pond invertebrates, on mainland Europe and in Africa, have found 
that passive dispersal mthods do not appear to hamper the spread of a species 
(Vanschoenwinkel et al. 2008a, Vanschoenwinkel et al. 2008b).  In this case, therefore, 
the fact that the Crustacea were not common in this survey may have been to do with 
conditions being unsuitable, as it was with the Mollusca (for example a lack of dry 
periods)  
 
The plant and macroinvertebrate communities in Radnorshire were indicative of ponds 
that are acidic to circumneutral and that exhibit varying degrees of permanence, 
suggesting that a number of different pond types were present in the region.  Some 
species were typical of recently filled ponds with little vegetation suggesting that some 
of the ponds may have recently experienced a dry phase before re-filling.  One of these 
species, the branchiopod crustacean Chirocephalus diaphanus, is perhaps the best 
proponent of this theory as it only occurs in ponds that have undergone a period of 
drying (Bratton and Fryer 1990).  Temporary ponds exclude large predators (e.g. fish) 
that are typical of permanent ponds, and C. diaphanus is adapted to this environment by 
producing eggs that can survive complete desiccation (Hall and MacDonald 1975).  
Although a cohort of its eggs will hatch straight away, others require the dry period in 
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order for hatching to be activated.  This requirement of a drying period for the eggs 
means that C. diaphanus is most commonly encountered after a period of dry weather 
followed by rain which results in their habitat drying out and becoming filled again.  The 
presence of this species in a pond in this survey therefore provides strong evidence for 
the fluctuating and temporary nature of some of the ponds in the area. 
 
A number of species were identified during this survey that were not found by Nicolet 
(2003) in her survey of temporary ponds in England and Wales.  Only one of these, 
Ranunculus hederaceus was a plant, the remainder consisting of macroinvertebrates.  C. 
diaphanus was one of these and its absence from the National Data was surprising 
considering that it is a truly temporary species and that ponds in that study were selected 
for their ephemerality.  In addition, a number of species that are indicative of larger, 
more permanent habitats were found exclusively in Radnorshire ponds.  Trichopteran 
species Anabolia nervosa, Mystacides longicornis and Oecetis lacustris are all typical of 
more permanent waters as is the heteropteran Arctocorisa germari (Macan 1954, Savage 
1989, Wallace et al. 1990).  This suggests that a number of the ponds covered in this 
survey were deeper and more persistent than the national temporary ponds.  This 
suggestion is supported by the fact that average numbers of Heteroptera and Odonata 
species that were found in Radnorshire ponds were significantly higher than the number 
found in ponds in the wider dataset.  Many species of Hemiptera are active open water 
species and most Odonata nymphs take longer than a year to complete development 
meaning that they require more permanent bodies of water (Corbet and Brooks 2008).  
The presence of species in this study that are both obligate temporary species and 
obligate permanent species suggests that upland ponds in Radnorshire lie along a 
hydroperiod gradient ranging from truly temporary through to fluctuating, semi-
permanent and more permanent ponds. 
 
2.4.2. Environmental and geographical relationships among ponds 
 
The classification of Radnorshire ponds with respect to the National Data showed that 
whilst they had distinct plant and macroinvertebrate assemblages, these were 
comparable with a small number of other temporary ponds in England and Wales.  
Thirteen ponds from the national data grouped with Radnorshire ponds in the plant and 
macroinvertebrate analyses, and seven of these were common to both.  Three of these 
 44 
ponds were located in Wales, one of which was located on the same hill as a number of 
ponds in the current survey and the other located in the neighbouring district 
(Breconshire).  Most other ponds were of a westerly location and were situated in 
Cumbria, Cornwall and Devon. This suggests that geographical factors play an 
important role in influencing the biological communities of ponds in the UK. 
 
The ponds that grouped with those from Radnorshire had low pH and were positioned in 
upland heath and unimproved grassland.  They were also significantly more acidic, had 
lower conductivity and were located at higher altitude than the other ponds in the 
National Data.  The upland location of these ponds could explain some of the 
similarities observed in communities found in similar locales.  Upland soils are often 
nutrient poor and acidic since upland areas can receive substantially more rainfall than 
lowland areas resulting in increased acid deposition and leaching of minerals (Fielding 
and Haworth 1999).  Bryophyte communities are typical of these habitats as they are 
able to make use of the limited nutrients by cation exchange, further acidifying the 
habitat in the process (Clymo 1963).  Conversely, there were ponds in the National Data 
that were located in similar land cover to the Radnorshire ponds and had similar 
environmental conditions, such as acidic heath ponds in Cornwall, yet did not cluster 
with Radnorshire ponds. Generally though these ponds were located at lower altitudes or 
had slightly higher conductivity indicating the possibility of higher levels of nutrients 
(Nicolet 2003).  Also, some areas of Cornwall such as the Lizard, are known to have a 
distinctive geology and this could explain the differences in community. 
 
One of the National ponds that showed similarities to Radnorshire ponds in terms of 
plant assemblages was located in the New Forest in Hampshire.  Bilton et al. (2009) 
found that the plant assemblages of 31 New Forest ponds were similar to those located 
in unimproved rough grassland or heathland in western oceanic areas.  One of the sites 
present in the National Data, with which the New Forest ponds had the greatest affinity, 
fell within the region of the current study (Llandeilo Hill) and grouped with Radnorshire 
ponds in the TWINSPAN analysis.  This was also found for invertebrate communities 
with Bilton’s (2009) New Forest ponds showing similarities to seven of the National 
Data ponds that showed an affiliation with Radnorshire ponds in this study.  Despite 
their similarities in plant assemblages, the current analysis did not indicate any likeness 
between the macroinvertebrate assemblages of Radnorshire ponds and the two New 
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Forest ponds present in the National Data.  However, with only two ponds to compare it 
is difficult to draw conclusions about the similarity between Radnorshire and New 
Forest ponds in particular.  A more comprehensive comparison of biological community 
data from this survey with New Forest ponds might yield some interesting results. 
 
The ordination of Radnorshire pond plant and macroinvertebrate communities, and their 
sub-division at the second TWINSPAN grouping, highlights the diversity of pond 
communities within the Radnorshire study area.  Whilst considering ponds over wide 
geographical scales often reveals broad relationships between communities and the 
environmental factors that influence them, it does not necessarily help to describe or 
predict the distinctive local variation between ponds with apparently similar 
environmental characteristics (Jeffries 2008).  This was the case with the current study 
where the first TWINSPAN division of plant and macrophyte communities revealed a 
regional difference in pH, conductivity, location and altitudinal differences between 
ponds but the environmental differences between subsequent divisions were more 
difficult to distinguish as the majority of ponds were acidic, located within similar land 
cover types and had low conductivity. 
 
2.4.3. Conservation status of Radnorshire ponds 
 
Several species considered to be nationally rare or having Red Data Book status in the 
UK were found in the current study.  This agrees with previous work, stating that ponds 
support a significant proportion of Britain’s uncommon freshwater species (Biggs et al. 
2005).  Uncommon (i.e. nationally scarce or Red Data Book) invertebrate species were 
recorded with greater frequency than uncommon plant species as is the general pattern 
for studies on UK ponds (Nicolet et al. 2004, Bilton et al. 2009).  Whilst the mean 
number of species per pond was comparable to National Ponds in terms of 
macroinvertebrate diversity, a greater proportion of the ponds in this study were found to 
support uncommon plant or macroinvertebrate species.  This was reflected in the higher 
average values of SRI that were calculated for ponds in Radnorshire compared with 
those for the national dataset (Table 2.6). A previous study using SRI to compare 
temporary ponds in two areas of southern England to the same National Data used here 
also found that, despite the overall species richness of temporary ponds recorded being 
significantly lower than the national average, significantly more species of conservation 
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importance were found per pond (Bilton et al. 2009).  The combined findings of both 
this, and the current study, highlight the important contribution that small regions with 
local concentrations of ponds make to the biodiversity of the pondscape in the UK.  
 
The method of evaluating ponds based on the rarity status of the species which they 
support has been applied by a number of studies in the past (Collinson et al. 1995, 
Painter 1999, Nicolet et al. 2004, Williams et al. 2004, Bilton et al. 2009).  However, a 
unified method that is directly comparable between studies has yet to be established.  
One of the problems with the system of allocating conservation value is that it is 
predominantly based on the distribution of a species.  Many of the records available on 
which to base conservation value of a species are out of date.  For example the last 
review of Trichoptera on which listings are based was published twenty years ago 
(Wallace 1991) during which time the ranges of species may have changed or increased 
as species become better studied and more records are made.  This could result in 
emphasis being places on species which do not warrant it.  Another issue is the use of 
selection criteria on which the rarity scores are based. The current study along with that 
of Bilton et al. (2009) used a scoring system based on IUCN categories alone.  However, 
both Nicolet (2004) and Painter (1999) used a slightly different scoring system that gave 
a score to a category of ‘local’ species defined as either confined to certain limited 
geographical areas where populations may be common or of widespread distribution 
with few populations.  Local weighting ascribes conservation value to an increased 
number of species, whilst the criteria by which the local score is allocated are often 
subjective or difficult to obtain, making between study comparisons more difficult.  
However, it could be argued that the method adopted in the current study ignores 
valuable information for local or regional conservation since anything that is not classed 
as nationally rare is regarded as common.  This could result in ponds being considered to 
be of little conservation value even if they contain assemblages of many species that are 
locally or regionally rare.  Further work to develop a standardised measure of 
conservation value would therefore be extremely useful for between study comparisons; 
however, in reality the use of such a measure may not be realistic. 
 
Due to the paucity of information on the locations of Radnorshire ponds and the species 
which they contain (‘Uncommon’ or otherwise) these upland ponds are not officially 
recognised as a priority pond type. The current study starts to fill this gap, suggesting 
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that Radnorshire holds a number of ponds that are of national conservation importance.  
Until 2007 there was no conservation designation that recognised the value of ponds in 
their own right, but the recent inclusion of the priority habitat ‘Ponds of high ecological 
quality’ into the Biodiversity Action Plan means that this is changing (Biodiversity 
Reporting and Information Group 2008).  For a pond to be covered by the designation it 
must meet at least one of five criteria proposed to provide guidelines as to whether a 
pond is of significant ecological quality to warrant protection (Table 2.1).  The first 
criterion covers ponds that meet any of the conditions of criteria set out under the 
Habitats Directive.  These include Special Areas of Conservation (SAC) that cover a 
variety of different freshwater habitats located across the UK.  Whilst there is no official 
recognition of Radnorshire ponds within any of the UK SACs, the vegetation 
communities that Radnorshire ponds support would suggest that many would fit into the 
SAC H3130: Oligotrophic to mesotrophic standing waters with vegetation of the 
Litorelletea uniflorae and/or the Isoeto-Nanojunceteae (Joint Nature Conservation 
Committee 2007).  Another criterion is the presence of species of high conservation 
importance, such as British Red Data Book species, species fully protected under the 
Wildlife and Countryside Act, a nationally scarce wetland plant or three nationally 
scarce wetland invertebrates (Biodiversity Reporting and Information Group 2008).  
Using this criterion, 41% (16/39) of ponds from the current survey would qualify for 
protection since they contain a Red Data Book species. A third criterion covers ‘Ponds 
with exceptional populations or numbers of key species’, generally recognised as those 
supporting more than 30 wetland plants or more than 50 wetland invertebrates 
(Biodiversity Reporting and Information Group 2008).  Only one of the Radnorshire 
ponds supported a macroinvertebrate assemblage that exceeded 50 separate species; 
however, repeated sampling on ponds might increase that number (see Chapter 5).   
 
The final criterion that could result in designation as ponds of high ecological quality 
recognises individual ponds or groups of ponds with a limited geographic distribution 
recognised as important because of their rarity of type or landscape context (Biodiversity 
Reporting and Information Group 2008).  The ponds in this study appear to be unique to 
mid-Wales and are of limited geographic distribution.  They are only found in the 
uplands, on common land which is devoid of development or intensive agriculture, both 
of which can cause the degradation and destruction of ponds (Biggs et al. 2005).   A key 
to the existence of these ponds may be their location on common land which means that 
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they have been left unaltered in the landscape.  Low intensity livestock grazing may help 
to maintain the vegetation community within and surrounding the ponds, as well as 
aiding dispersal of certain species between them (e.g. Vanschoenwinkel et al. 2008b).  
Further work is required to understand the possible interactions between land 
management, hydrology and the ecology of the Radnorshire pools.  Nevertheless, the 
combination of the shallow and fluctuating nature of these ponds, their landscape 
context and the rare species that they support appear to fit the Biodversity Action Plan 
criteria on several accounts, making a strong case for ponds in the region to be 
nationally recognised for the priority habitat they provide. 
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2.5. FIGURES & TABLES 
 
Figure 2.1. – Locations of temporary ponds in the National Dataset.  Blue circles 
signify ponds from which both plant and macrophyte data was recorded, green triangles 
indicate plant data only and red triangles invertebrate data only.  Radnorshire is 
outlined. 
 
 
 
 
 
 
 50 
Table 2.1. – Biodiversity Action Plan criteria for designating Priority Pond Status.  
Ponds must meet one or more of the following criteria in order to be considered for the 
Habitat Action Plan. 
 
Criterion Description 
1. Habitats of international importance 
Ponds that meet criteria under Annex I of the habitats 
directive 
2. Species of high conservation importance 
Ponds supporting Red Data Book species, UK BAP 
species, species protected under the Wildlife and 
Countryside Schedules 5 & 8 etc. 
3. Exceptional assemblages of key biotic 
groups 
Ponds supporting exceptional populations or numbers 
of key species 
4. Ponds of high ecological quality 
Ponds classified in the top PSYM category i.e. score ≥ 
75% 
5. Other important ponds 
Individual or groups of ponds with a limited 
geographic distribution recognised because of their 
age/rarity of type/landscape etc 
 
 
Table 2.2. – IUCN rarity categories and species rarity scores used to calculate 
conservation value of pond species in Britain; after Bilton (2009).  RDB= Red Data 
Book 
 
 
 
Score Distribution  
Common  1 > 100 hectads 
 
Local  2 Species recorded from 16 to 100 10 km x 10 km squares 
(hectads) 
 
Nationally scarce  4 Species occurring in < 16 hectads or the focus of a continuing 
taxon-specific or habitat-specific monitoring programme 
without which the species would become VU or EN 
 
RDB Vulnerable (VU)  8 Facing a high risk of extinction in the wild in the near future 
 
RDB Endangered (EN)  16 Facing a very high risk of extinction in the wild in the near 
future 
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Table 2.3 – Number of species in each major group.  Plants are treated in functional 
groups; invertebrates are treated in major taxonomic groups.  Ranges in parentheses. 
 
Major Group Number of taxa Mean number of taxa 
 per pond 
Percentage of ponds 
occupied by taxa 
PLANTS:  
 
 
Emergent 20 4.28 (2 – 12) 100 
Submerged 2 2.46 (0 – 6) 92 
Floating 7 0.18 (0 – 2) 10 
Bryophytes 4 2.61 (0 – 4) 97 
INVERTEBRATES:    
Coleoptera 49 10.03 (0 – 17) 97 
Hemiptera 24 5.97 (0 – 13) 97 
Trichoptera 11 1.71 (1 – 9) 100 
Odonata 10 2.23 (0 – 8) 71 
Ephemeroptera 3 0.63 (0 – 3) 51 
Mollusca 3 0.29 (0 – 3) 17 
Plecoptera 2 0.06 (0 – 2) 3 
Crustacea 1 0.03 (0 – 1) 3 
Hirudinae 1 0.46 (0 – 1) 46 
Hydracarina 1 0.46 (0 – 1) 46 
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Figure 2.2 – Correspondence analysis biplot on the plant presence-absence data.  
Closed circles represent ponds; closed triangles represent species.  Species 
abbreviations can be found in Appendix 2. 
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Figure 2.3 – Proportion of macroinvertebrate species richness contributed to by 
different macroinvertebrate orders. 
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Table 2.4 – The twenty invertebrate taxa most frequently encountered during the survey 
 
 
Species 
Num. 
ponds 
Species 
Num. 
ponds 
Limnephilus vittatus 34 Cloeon dipterum 18 
Hydroporus pubescens 32 Hydroporus gyllenhalii 16 
Helophorus flavipes 32 Sigara nigrolineata 16 
Notonecta spp 26 Hydroporus erythrocephalus 15 
Helophorus granularis 25 Coenagrion puella 15 
Hesperocorixa castanea 24 Sigara dorsalis 14 
Sigara limitata 24 Helophorus grandis 13 
Helophorus minutus 21 Callicorixa praeusta 13 
Rhantus suturellus 19 Sigara distincta 13 
Helophorus aequalis 19 Agabus bipustulatus 12 
Enallagma cyathigerum 19 Helochares punctatus 11 
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Figure 2.4 – Correspondence analysis biplot on the macroinvertebrate presence-absence 
data.  Only species with loadings of ≥80% on the axes are shown for clarity.  
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Table 2.5 – Plant and macroinvertebrate taxa of conservation importance recorded 
during the survey. 
 
 
Species name Taxa Score Conservation Status New Record 
Pilularia globulifera Fern 4 RDB: Near Threatened  
Chirocephalus diaphanus Crustacean 8 RDB: Vulnerable  
Helochares punctatus Beetle 2 Nationally Rare  
Paracymus scutellaris Beetle 2 Nationally Rare  
Helophorus granularis Beetle 2 Nationally Rare Radnorshire 
Corixa panzeri Bug 1 Common Radnorshire 
Gerris odontogaster Bug 1 Common Radnorshire 
Gerris thoracicus Bug 1 Common Radnorshire 
Oecetis lacustris Caddis fly 1 Common Radnorshire 
Oecetis ochraceae Caddis fly 1 Common Radnorshire 
Limnephilus marmoratus Caddis fly 1 Common Radnorshire 
Athripsodes aterrimus Caddis fly 1 Common Radnorshire 
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Table 2.6. – Comparison of conservation value of Radnorshire ponds and temporary 
ponds in England and Wales (Nicolet 2003).  Mean species richness and SRI values are 
given, ranges are in parentheses. 
 
 Current Survey National Dataset 
 Plants Invertebrates Plants Invertebrates 
Number of Samples 39 35 70 70 
No of Taxa Recorded 28 105 155 221 
Species Richness 6.79 (2 – 16) 21.43 (9 – 52) 14.56 (0 – 38) 22.11 (6 – 49) 
SRI 1.15 (1.0-1.6) 1.09 (1.0-1.8) 1.02 (1.00-2.15) 1.07 (1.00 – 2.05) 
     
Number of Species of Conservation Value:    
Nationally scarce species 0 3 1 16 
RDB species 1 1 4 11 
Total 1 4 5 27 
   
Percentage (%) of Ponds Containing Species of Conservation Value:  
     
Uncommon Species 39 86 8 43 
Nationally scarce species 0 86 1 13 
RDB species 39 3 7 36 
     
Percentage (%)of Ponds Containing Either 
 a Plant or Invertebrate of Conservation Value  
 
Current Survey National Survey 
Uncommon Species 90 45 
Nationally scarce species 86 37 
RDB species 41 20 
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Figure 2.6 -  Map of all ponds included in TWINSPAN analysis of vegetation data.  
Red circles represent  Radnorshire ponds, green triangles represent National Ponds 
which grouped with Radnorshire ponds in TWINSPAN analysis.  Blue triangles 
represent remaining National ponds. 
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Figure 2.8 -  Map of all ponds included in TWINSPAN analysis of macroinvertebrate 
data.  Red circles represent  Radnorshire ponds, green triangles represent National 
Ponds which grouped with Radnorshire ponds in TWINSPAN analysis.  Blue triangles 
represent remaining National ponds. 
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Table 2.7 – Mean environmental conditions (± S.E.M) for ponds identified during 
TWINSPAN of plant assemblages.  Columns highlighted in bold indicate groups 
containing Radnorshire ponds. 
 
Table 2.8 – Mean environmental conditions (± S.E.M) for ponds identified during 
TWINSPAN of invertebrate assemblages.  Columns highlighted in bold indicate groups  
containing Radnorshire ponds. 
 
 
 
 G1 G2 G3 G4 
Number of Ponds:   
  
Current Survey 0 0 1 38 
National Data 44 17 6 3 
Species Richness 15.16 ± 1.29 13.18 ± 1.41 18.29 ± 4.04 7.17 ± 0.58 
Plant SRI 1.03 ± 0.03 1.02 ± 0.01 1.00 ± 0.00 1.14 ± 0.03 
Altitude (m) 68.98 ± 6.10 137.47 ± 26.28 190.57 ± 53.65 380.71 ± 11.59 
Pond area (m2) 949.34 ± 202.32 1224.24 ± 486.94 1879.83 ± 1363.72 505.25 ± 129.85 
pH 7.37 ± 0.13 6.33 ± 0.25 5.49 ± 0.51 5.97 ± 0.13 
Conductivity 2501.93 ± 542.94 444.29 ± 123.79 143.16 ± 52.69 25.42 ± 1.98 
Permanence 3.70 ± 0.07 3.53 ± 0.12 3.00 ± 0.44 2.32 ± 0.18 
Easting 4583 ± 129 3683 ± 288 3210 ± 429.53 3098 ± 16.31 
Northing  2801 ± 195 3500 ± 362 1913 ± 607.31 2517 ± 72.31 
 G1 G2 G3 G4 
Number of Ponds: 
    
Current Survey 14 21 0 0 
National Data 44 17 35 25 
Species Richness 29.19 ± 2.47 17.03 ± 1.28 25.97 ± 1.60 17.88 ± 1.38 
SRI 1.05 ± 0.01 1.11 ± 0.03 1.08 ± 0.03 1.02 ± 0.01 
Altitude (m) 348.25 ± 24.15 355.28 ± 20.48 71.74 ± 9.60 92.04 ± 9.86 
Pond area (m2) 1611.72 ± 630.28 358.19 ± 88.09 1253.89 ± 299.95 623.28 ± 166.97 
pH 6.77 ± 0.25 5.59 ± 0.12 7.08 ± 0.19 6.98 ± 0.18 
Conductivity 45.51 ± 19.78 39.12 ± 6.68 2192.40 ± 616.56 1644.64 ± 326.54 
Permanence 1.81 ± 0.23 2.86 ± 0.20 3.66 ± 0.08 3.68 ± 0.10 
Easting  3093.20 ± 115.07 3115.54 ± 69.77 4190.71 ± 184.93 4588.64 ± 181.52 
Northing  2417.81 ± 162.69 2610.45 ± 161.29 3167.57 ± 250.28 2552.84 ± 248.60 
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3: SPATIAL AND TEMPORAL VARIATIONS IN THE PHYSICAL AND 
CHEMICAL ENVIRONMENT OF UPLAND PONDS IN RADNORSHIRE, 
WALES. 
 
ABSTRACT 
 
Characterising the environmental conditions of ponds is vital to understanding the 
habitat.  However, relatively little is known about these conditions, or the variability 
which they exhibit and this is particularly true for ponds in the UK.  This study 
characterises the abiotic environment (water depth and area, water chemistry, 
hydrology) both spatially and temporally.  It tests the hypothesis that water chemistry is 
heavily influenced by water volume and constructs a simple hydrological model to 
predict pond volume/depth based upon minimal meteorological data.  Over 80 ponds 
were identified as part of a preliminary survey. These were small, shallow and acidic in 
nature.  Water chemistry analyses on a subset of these ponds also found them to be 
oligotrophic and low in dissolved minerals.  The ionic concentration of different ponds 
was discovered to vary more widely than pH across the study region.   Water chemistry 
of ponds tracked volume, providing evidence that concentration by evaporation and 
dilution by rainwater are important controls on the chemical environment.  The 
hydrological model captured much of the fluctuating behaviour of the ponds and 
performed well when tested against subsequent time series that were not used in model 
development.  Major weaknesses were associated with an overestimate of infiltration 
rates and predicting depths during freezing winter conditions.  Radnorshire ponds are 
therefore shown to be intimately linked with climate which dictates water volume and 
chemistry.  Whilst this is likely to make the ponds acutely sensitive to climate change, it 
also makes it possible to model their behaviour using climate data.  With some further 
development this could contribute to the development of conservation strategies for 
temporary ponds more generally. 
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3.1. INTRODUCTION 
 
Characterizing the abiotic environment of wetlands is important both to understand how 
they function, and to understand the ecology of species that exploit them.  Water 
chemistry is an important aspect of any wetland and can have a profound influence on 
the flora and fauna that are found there, both directly and indirectly (Heegard et al. 
2001, Cereghino et al. 2008, Rolon et al. 2008).  In lentic environments, other 
environmental characteristics such as water depth, surface area, dissolved oxygen 
concentration and hydroperiod have also been found to exert important effects on 
macroinvertebrate and macrophyte communities (Della Bella et al. 2005, Rolon and 
Maltchik 2006).   
 
The physico-chemical environment of most ponds changes across a wide range of 
timescales, from diurnal changes in temperature and dissolved oxygen (Podrabsky et al. 
1998) to longer term successional changes. Temporary and shallow ponds are typically 
small and, by definition, fluctuate widely in water volume (Williams 2006).  They are 
thus characterised by particularly large diurnal and seasonal variations in the abiotic 
environment  (Arle 2002, Angelibert et al. 2004, Dominguez-Villar et al. 2008).  Large 
water losses through evaporation are expected to increase the concentration of different 
ions and minerals in the water column (Daborn 1976), whilst inflow from the catchment 
– especially re-filling ponds after drying out – can greatly alter the water chemistry 
(Arle 2002).  Similarly, due to their shallow nature they may heat up rapidly, especially 
when insolation is high (Daborn and Clifford 1972).  The small water volume of most 
temporary ponds means that they are expected to have little buffering capacity against 
such changes in the chemical and thermal environment and thus provide both a 
physically and chemically unstable milieu (Williams 2006).  Despite this harsh 
environment many aquatic species such as Branchiopod crustaceans have evolved to 
survive such conditions, taking advantage of resources in the absence of predators or 
more competitive species (Brendonck et al. 2008). 
 
Characterising the physico-chemical environment is an important first step in 
understanding temporary ponds, the next step being to investigate some of the 
mechanisms underlying the observed variation.  Within temporary ponds, perhaps the 
most important of these is how climate controls hydrology and water volume, which in 
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turn may influence the physico-chemical environment.  From a management 
perspective, being able to use such relationships to predict environmental change in an 
ecosystem is an important tool for a number of reasons.  In ponds, hydrological models 
predicting their size and extent have been constructed in order explain the effects of 
hydroregime on pond biota (Vanscheonwinkel et al. 2009), simulate the biological 
effects of climate change (Dimitriou et al. 1999, Hulsmans et al. 2008) and, in 
epidemiological studies, to predict the abundance of disease bearing vectors such as 
mosquitoes (Soti et al. 2010).  Current forecasts of anthropogenic climate change 
suggest changes in temperature, evapotranspiration, and the quantity, distribution and 
timing of precipitation (UK Climate Projections 2009) all of which could alter the 
physico-chemical characteristics of ponds (Ewald 2008).  In temporally variable 
environments, such as shallow or temporary ponds, changes in climate could have 
greater impacts than in larger and more stable waterbodies, acting to exacerbate certain 
phases of the seasonal hydrological and chemical cycle with subsequent effects on the 
biota.  Development of predictive techniques could therefore play an important part in 
the development of future temporary pond conservation and management strategies 
(Dimitriou et al. 1999). 
 
To date, there have been numerous studies on the seasonal changes in the abiotic 
environment of ponds; however, most of these have been carried out on ponds in 
mainland Europe (Bonner et al. 1997, Angelibert et al. 2004) or in North America 
(Daborn and Clifford 1972, Daborn 1976).  Studies of UK temporary ponds have 
compared the physical and chemical characteristics for subsets of ponds in England and 
Wales (Nicolet 2003) and the New Forest, Hampshire and The Lizard, Cornwall 
(McAbendroth 2004).  However, these studies only provided information from one or 
two sample dates in any year and no finer scale temporal data are available for ponds.  
In Wales, no comprehensive work on the spatial or temporal aspects of abiotic features 
of any ponds has been carried out previously.  Gee et al. (1997) did record pH, 
conductivity, temperature and dissolved oxygen in newly created and renovated ponds 
in Wales but  this was only at one point in time.  This study aims to address the gap by 
investigating the environmental conditions of upland ponds in Radnorshire, Wales 
focussing in particular on changes in water chemistry and hydrology through the year.   
It aims to: (i) carry out an initial census of ponds in the region; ii) describe both the 
broad-scale physicochemical characteristics of Radnorshire ponds and the detailed 
temporal variation; (iii) elucidate relationships between physicochemical characteristics 
 70 
and hydrological inputs into the system i.e. rainfall; and (iv) create a simple model to 
predict pond hydrology so that the effects of potential changes in environment can be 
better considered 
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3.2. METHODS 
 
Data were collected in three distinct parts: i) an initial census of all ponds in the study 
region; ii) a temporal survey, visiting 20 ponds once a month for 18 months, and iii) an 
intensive temporal survey on a subset of six of the 20 ponds. 
 
3.2.1. Study ponds 
 
A preliminary census of upland ponds in Radnorshire was conducted from autumn 2007 
until spring 2008.  A search was conducted to identify suitable ponds within the vice 
county of Radnorshire. As upland ponds were of interest only those located above an 
altitude of 200 m were sampled.  Locations of ponds were identified within the study 
area from Ordnance Survey Explorer Map 188 as well as using ground search and 
historical records.  Distribution of the upland ponds identified in the preliminary study 
showed that they were clustered over five distinct hilltops (Figure 1.2).   
 
Twenty ponds were selected for a temporal survey with monthly measurements of 
abiotic parameters.  For logistical reasons, this survey focused on ponds located within 
three of the regions:  Aberedw Hill (AH), Llandeilo-Llanbedr Hill complex (LL) and the 
Begwns (BG; Figure 1.2).  Ponds were chosen randomly within a two-level 
stratification. The first stratum was geographical:  The number of ponds selected on 
each of the three study hills was proportional to the total number of ponds found on 
each hill top during the overall census.  The final number of ponds therefore surveyed 
on each hill was 12AH:6LL:2BG (APPENDIX 1a, 1c). The second level of 
stratification was a simple two-way split within each hill into ‘ephemeral’ and ‘semi-
permanent’ ponds, so as to include ponds predicted to have contrasting hydroperiods. 
The only data upon which to make this classification were those collected during the 
preliminary survey. A list of average depth to size ratios of ponds was considered in 
conjunction with other information such as if the pond was dry when visited during the 
preliminary survey.  This method was based on the assumption that ponds with a 
shallow depth in relation to their size would dry out more frequently as there is a larger 
surface area for evaporation in relation to the volume of water that is held in the pond 
(Marcus and Weeks 1997). 
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For the intensive survey, which included continuous measurement of certain abiotic 
variables over the course of the study period, six ponds were randomly selected from 
the 20 ponds selected for monthly measurements.  Again sites were selected to include 
ponds from each hill region and from each hydroperiod category.  The number of ponds 
selected on each hill was therefore 3AH:2LL:1BG (APPENDIX 1). 
 
3.2.2 Environmental Variables 
 
During the census, eight figure grid references and altitude to the nearest metre were 
recorded using a Global Positioning System (Magellan Meridian Platinum, San Dimas, 
CA, USA), and maximum dimensions (length (m) and width (m)) of the water surface 
were recorded.  Depth was measured to the nearest cm using a metre rule pushed down 
to the bedrock to get a measure of total depth (sediment + water).  Sediment depth was 
calculated by subtracting water depth from the total depth.   Mean sediment and water 
depths for each pond were calculated from six depth measurements made along the 
length and width transects. To maintain consistency in the subsequent temporal survey, 
the axes of measurement were marked out using canes and a marker was placed at the 
deepest point of the pond as a reference for measuring depth at each visit.  Pond shape 
was derived from satellite imagery (Google Inc. 2011) and for each visit this was scaled 
to the recorded length and width measurements and shape (taken from photographs).  
The resulting shapes were digitized using ImageJ software (Abramoff et al. 2004) and 
the area (m2) calculated. 
 
During November 2008 water samples were taken from 30 ponds to provide an 
overview of water chemistry in the region: the 20 ponds in the temporal survey, plus a 
further ten ponds.  To get a further idea of the abiotic characteristics in the wider area, a 
number of ponds were chosen from the Maeliennydd region (Figure 1.2).  Water 
chemistry analyses were carried out by the Environment Agency testing the following 
parameters:  nutrients (NH4,, NO3, NO2), reactive phosphorus (PO43-), alkalinity 
(carbonates and bicarbonates), hardness (Mg, Ca), potassium (K), chloride (Cl), and 
Aluminium (Al).  Concentrations of metals (Mg, Na, K, Al) were measured using 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS), nutrients by measuring 
absorbance using discrete analysers, and reactive phosphorus, alkalinity and chlorine 
levels were detected using automated colourimetric analysis (Environment Agency 
2010). 
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During the temporal survey on the 20 ponds, pond width, length and depth were 
recorded monthly following the same protocol as in the census. Basic water chemistry 
(pH and conductivity; µS/cm) and temperature (°C) were recorded at each visit using a 
VWR Symphony (Radnor, PA, USA) pH/conductivity meter.  Dissolved oxygen 
measurements were taken using a YSI 550A (Yellow Springs, OH, USA) dissolved 
oxygen meter.  Failure of the dissolved oxygen apparatus during summer 2009 meant 
that no further measurements were made after this time. 
 
For the intensive temporal survey, Solinst Levelogger Junior dataloggers (ON, Canada) 
measuring water depth to the nearest millimetre, at half hourly intervals were deployed 
in the six ponds.  Levelogger devices are used in conjunction with a separate device 
(Barologger) which measures and therefore compensates for fluctuations in barometric 
pressure.  Leveloggers were deployed in five ponds from March 2008, and a sixth from 
June 2009, until early 2010.  A further run of data was collected during the period May 
to September 2010.  From February 2009 to February 2010, monthly water chemistry 
samples measuring the same variables outlined above were collected for the six 
datalogger ponds. 
 
3.2.3. Meteorological data 
 
Between August 2008 and January 2010, five rainfall loggers (Rainwise, inc. Bar 
Harbor, ME, USA) were deployed at the same sites as the Leveloggers to study the link 
between rainfall (timing and intensity) and pond depth.  Rainfall was recorded using a 
tipping bucket rain gauge which recorded 0.25mm increments of rainfall.  
Unfortunately, rainloggers proved to be sensitive to disruption (e.g. from livestock) and 
battery failure, resulting in multiple periods for which data were missing.    Where this 
was the case, additional rainfall data were obtained from the nearest Met Office weather 
station recording hourly precipitation to fill gaps in the data series (BADC 2011).  This 
was located at Sennybridge in Powys (51.94◦N-3.57◦W, ca 20 km SW of the study area).  
Pearson’s product moment correlation analysis showed that the daily rainlogger rainfall 
series data were strongly correlated with the daily rainfall series recorded at 
Sennybridge for both 2008 and 2009 (Table 3.1). 
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For calculations of evaporation rates used in the hydrological model, measurements of 
mean daily temperature and relative humidity were obtained from the MIDAS weather 
station at Sennybridge.  Estimation of evaporation rates also required data on the 
number of sunshine hours.  The nearest weather station recording these data was at 
Cwmystwyth, Ceredigion (52.35◦N-3.80◦W, 40 km NW of study area). 
 
3.2.4. Statistical analysis 
 
Statistical analyses were conducted using R version 2.8.0 (R Development Core Team 
2009) unless otherwise stated. 
 
Spatio-temporal variation in water chemistry. 
 
Principal Component Analysis (PCA) was used to examine the relationships among 
chemical determinands and ponds on the different hills, and to reduce the number of 
variables for subsequent analysis.  For some of the water chemistry determinants, 
concentrations were so small that they were below the limit of detection (BDL) possible 
using the techniques specified.  Variables that were BDL for over 50% of the samples 
(alkalinity, nitrogen based nutrients, orthophosphate and calcium in 6 pond temporal 
data) were excluded from analysis.  Separate analyses were run for the 30 pond survey 
(single time-point) and the monthly data from the 6 datalogger ponds (11 months in 
total).  Multivariate analyses were carried out using CANOCO for Windows 4.5 (ter 
Braak and Smilauer 2002). 
 
In order to investigate whether variation in the physical characteristics of ponds varied 
more through time or in space, variance components analyses were conducted using the 
‘nmle’ package in R.  These involved fitting multilevel models containing only intercept 
terms (i.e. without covariates) and then examining the resulting intra-class correlation 
coefficients (ICC), which equate to the proportion of unexplained variation to be found 
amongst the strata (sites), rather than within them (Goldstein 2003).  Thus ICCs 
approaching 1 indicate that most of the variation can be found amongst ponds as 
opposed to within ponds whereas ICC of 0 would indicate that all the variation is within 
samples taken from the same pond.  Variance components analysis was conducted on 
environmental variables recorded in the 20 pond temporal survey and on the water 
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chemistry data from the intensive six pond survey.  Data were transformed as necessary 
and the residuals checked for normality. 
 
Relationships between physicochemical characteristics of upland ponds 
 
Regression analysis was used to test the hypothesis that a decrease in pond volume 
through evaporation increased the concentration of many determinands.  Data from the 
intensive 6 pond survey were used to investigate this.  Models were fitted using 
Generalised Least Squares (GLS) with adjustment for autocorrelation in the residuals to 
control for the fact that multiple measurements were taken at the same pond (Pinheiro 
and Bates 2000).  In order to reduce the number of analyses that would need to take 
place if each water chemistry variable was treated separately, the principal component 
scores of axes one and two from the temporal PCA were used as the dependant 
variables.  Pond volume was estimated following the method described in the next 
section and for each pond, volumes were z transformed prior to analysis: for each pond 
the mean volume was subtracted from each month’s volume estimate and the resulting 
value was divided by the standard deviation of all volumes recorded for that pond.  This 
meant that for each pond the volume measurements taken together had a mean of 0 and 
a standard deviation of 1 which ensured that the results were not confounded by large 
differences in volume among ponds.  A second GLS analysis was used to investigate the 
relationship between pond depth and rainfall. 
 
Cross correlation analysis was used to investigate the temporal relationship between 
rainfall and an increase in water level recorded using the dataloggers (Diggle 1990).  
Cross correlation is a time series technique which evaluates the correlation between two 
sets of data at different time lags using the following relationship: 
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Where: 
ρy(k) is the cross correlation coefficient at time lag k, 
k = 0, ± 1, ± 2 ...... ± n time lag between the two series (hours) 
xt is the observed rainfall at time t, 
yt is the observed water level at time t, 
µx is the mean of the rainfall series 
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µy is the mean of the water level series 
σx is the standard deviation of the rainfall series 
σy is the standard deviation of the water level series 
Significant correlations at the 95% confidence level are said to be those that are greater 
than the standard error ~2/√N, where N is the number of values in the dataset (Diggle 
1990). The analysis used data from August 2008 to January 2010 and May 2010 and 
October 2010.  Where there were gaps in the rainfall data due to a failure of the rainfall 
logger next to a pond, data were substituted with values recorded by the next closest 
rainlogger if possible or with rainfall data recorded at Sennybridge Met Office station.  
Because of autocorrelation in the water level data, data were treated with first order 
differencing of consecutive values prior to analysis in order to remove any daily trend 
which might affect the results (Lee et al. 2006). 
 
3.2.5. Hydrological modelling of pond volume 
 
The hydrological model extended the water-balance model developed by Soti et al. 
(2010) which simulated pond filling and emptying processes using a daily time step.  
The model was designed to predict pond depth and volume using local meteorological 
data. The modelling process consisted of the following stages: i) defining the 
relationships between water depth and pond volume for each pond, ii) calibrating the 
model using known depth data, and iii) validating the model against depth data not used 
to calibrate the model. 
 
 
3.2.5.1. Depth-Area-Volume relations 
 
The relationship between pond depth, area and volume is dependent upon the 
bathymetry of the pond.  Hayashi and van der Kamp (2000) found that it was possible to 
approximate unknown area-depth and volume-depth relations of ponds from a minimal 
set of field data without the need for time consuming elevation surveys.  The 
relationship between these parameters can be modelled by two simple equations.  These 
are: 
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where: 
 
At is the pond area at time t, 
dt is the pond depth at time t, 
S0 is the pond area for d0=1m, 
α is the pond shape parameter which is representative of the slope profile 
Vt is the pond volume at time, t, 
V0 is the volume for the pond at h0 = 1m 
 
 
The shape parameters S0 and α are constants specific to the bathymetry of each pond.  
The value for each of these was estimated for the six datalogger ponds from monthly 
depth and area measurements recorded during the 20-pond monthly survey.  Parameters 
were estimated by minimising the root mean squared error (RMSE) between the 
predicted and observed depth and area data.  The root mean squared error was defined 
by: 
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Where m is the number of data points, Aobs is the measured area and Apred is the area 
calculated from equation [2]. Once these parameters were estimated the area and 
volume of a pond could be calculated for any given depth. 
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3.2.5.2. The Water Balance Model 
 
Soti et al. (2010) described a simplified water balance model comprising a ‘filling 
model’ and an ‘emptying model’ (Figure. 3.1) : 
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Where: 
Pt is rainfall at time, t, 
At is pond area at time t, 
Qin is the runoff volume of inflows, 
Qout the runoff volume of outflows, 
L is the loss per unit surface area of water loss by evaporation and infiltration. 
 
The pond filling model 
 
Since each pond was assumed a closed entity with no hydrological connection with 
other ponds, Qout was assumed to be zero and so was not considered further.  Qin(t) was 
written as the product of a runoff coefficient (Kr), effective rainfall (Pe) and the 
catchment area (Ac): 
 
cter APKtQin )()( =     [6] 
 
Since no detailed morphological data for each pond’s catchment were available and the 
relief was too gentle to estimate catchment areas from the Ordnance Survey’s 10m 
resolution digital elevation model, catchment area (Ac) was estimated as n times the 
maximum water surface area (Amax) recorded for each pond as used in Soti et al. (2010): 
 
maxnAAc =      [7] 
 
Emptying model 
Filling model 
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The run off model depends upon saturation capacity of the soil in the catchment and is 
defined by the constant Kr which takes into account the losses due to evapotranspiration 
and infiltration in the surrounding catchment area which is assumed to be constant 
within the locale (Soti et al. 2010).  The effective rainfall corresponds to the part of 
precipitation that produces runoff and was calculated as follows: 
 
[ ]0,max)( ttte GPP −=     [8] 
 
 
Gt is a threshold rainfall value over which runoff can occur and thus depends upon 
preceding weather conditions.  It is defined as the difference between its maximum 
value (Gmax), which corresponds to dry soil, and an Antecedent Precipitation Index (Iap): 
 
[ ]0),(max)( max tIGtG ap−=     [9] 
 
 
The Iap index is a weighted summation of the preceding rainfall amounts and is used as 
an indicator of water in the soil: 
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where: 
Iap(t-1) is the Iap index at time step t-1, 
k is a dimensionless coefficient between 0 and 1 expressing the soil moisture decrease 
with time, 
P(t-1) is the rainfall at time step t-1 
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The Pond Emptying Model 
 
The emptying model was defined as (Soti et al.2010): 
 
IEL −=       [11] 
 
Where 
E is evaporation and 
I is infiltration. 
 
Infiltration was assumed to be constant across the whole area of the pond and through 
time, and thus was proportional to area.  Infiltration was therefore estimated from: 
 
tC AII =       [12] 
 
where Ic is an infiltration constant and At is the area of the pond at time t (see eq. [2]). 
 
 
Soti et al. (2010) assumed a constant rate of evaporation through time. As 
meteorological data were available in the current study, temporal variation in 
evaporation from the water surface was estimated using a simplified version of 
Penman’s (1948, 1968) equations (Valiantzas 2006). This only required air temperature 
and relative humidity data: 
 
( ) ( )( )100/12009.0/4.25.9047.0 2 RHTRRTRE asSPEN −++−+=   [13] 
 
Where EPEN is potential open water evaporation (mm/day), Ra is extraterrestrial 
radiation and Rs is solar radiation (MJ m-2 day-1). 
 
3.2.5.3 Model Calibration & Validation 
 
Separate models were fitted for each of the six ponds in Microsoft Excel 2003.  Model 
calibration was carried out using 12 months of data (for dates see Figure. 3.10), except 
for Pond 2 where only 7 months of continuous data were available for calibration due to 
 81 
the later deployment of the water level datalogger.  Weather data were obtained from 
the Met Office weather stations at Sennybridge (air temperature, relative humidity) and 
Cwmystwyth (sunshine hours).  Due to local differences in rainfall intensity and 
occurrence, rainfall data collected using the rainloggers were used wherever possible. 
Gaps in the rainfall record were filled using data from the next nearest logger, or from 
the Sennybridge weather station where no data were available (e.g. prior to August 
2008). 
 
Model fit was quantified by the Coefficient of Efficiency (Nash and Sutcliffe 1970): 
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Where 
Xobs is the observed water depth data (obtained from the water level dataloggers), 
Xcal is the water depth calculated from the model 
Xobs  is the mean of the observed depth data 
m is the number of observed data 
 
Nash-Sutcliffe efficiencies range from -∞ to 1.  The closer Ceff is to 1 the better the fit of 
the model (Nash and Sutcliffe 1970).  The effectiveness of the model in predicting 
depth was measured against depth data collected from the six dataloggers measuring 
water level. 
 
Five parameters needed to be estimated from the data: the runoff coefficient, Kr 
(equation [7]), the catchment multiplier, n (equation [8]), the run off threshold of the 
soil, Gmax (equation [10]), soil moisture decay coefficient, k (equation [11]) and the 
infiltration coefficient, Ic (equation [13]). Realistic maxima and minima for each 
coefficient were obtained from the published literature (Table 3.2).  Solver was used to 
find the best values of coefficients that maximise the coefficient of efficiency, Ceff, of 
the model (equation [14]). 
 
To avoid problems with the models converging at local minima, and attempt to find the 
best parameter estimates for each model, the ‘Solver’ function in Microsoft Excel was 
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run 250 times using random starting values for the five parameters within the published 
minima and maxima. The reported parameter estimates (Table 3.14) are those that 
produced the highest coefficient of efficiency. 
 
Finally, an ‘average model’ was created, using the mean value of the coefficients for all 
six ponds.  This was done to see whether an overall model could be found that, given 
specific shape parameters were provided for the individual pond basins, could predict 
the depth of all ponds to a satisfactory level. 
 
Specific models were validated using the 5 – 10 months data for each pond that were 
not used in the calibration process (maximum date range March 2009 – March 2010).  
The ‘average’ model was tested on the full run of data (maximum date range March 
2008 – March 2010).  Nash-Sutcliffe coefficients were used to calculate the quality of 
the model fit. 
 
3.2.5.4. Sensitivity Analysis 
 
A Sensitivity Analysis was carried out on the coefficients of the ‘average’ model in 
order to assess the sensitivity of the model to changes in the estimated parameters.  
Values 5% and 10% either side of the coefficient values were calculated and these 
validated against the whole set of continuous data collected for each pond.  The same 
method was applied to each parameter, one parameter at a time, and spider charts of the 
results were drawn in order to see which of these had the strongest influence on the fit 
of the model. 
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3.3 RESULTS 
 
3.3.1. Abiotic characteristics of upland ponds 
 
Eighty ponds were identified within an altitude range of 200-539 metres above sea level 
(a.s.l.), 60% of which were located above 400 m (Table 3.3).  Ponds varied widely in 
size and depth with a mean surface area of 528 ± 924 m2 and a mean maximum water 
depth of just 0.22 ± 0.14 m.  Despite the large size of some ponds, the maximum depth 
never exceeded 0.75 m.  Most ponds had a shallow layer of silt, with 70% having less 
than 0.1m silt depth on average.  Ponds ranged from acidic to alkaline, with a mean pH 
of 6.29 (range = 3.7 to 8.7).  Over half of these values (54%) lay within the 
circumneutral range of 6-8 pH units, 42% were acidic (pH < 6) and just 4% were 
considered alkaline (pH > 8). 
 
The 30 ponds surveyed for water chemistry in November 2008 were oligotrophic, 
having low levels of nitrogen in all oxidation states: 90% with nitrate and ammonia 
concentrations below detection limits, and no detectable nitrite in any pond (Table 3.4). 
Alkalinity values were below the detectable limit for all ponds, indicating that ponds 
had a low buffering capacity, whilst concentrations of the major ions Ca, Mg, Na, K, 
and Cl were also low (Table 3.4).  Aluminium levels in the water samples showed the 
most variability between ponds. 
 
Principal Component Analysis of the water chemistry data from the 30 ponds showed 
that 61% of the variation amongst ponds was explained by the first two axes.  The first 
axis was dominated by the major ions sodium, magnesium and calcium in addition to 
conductivity, with positive PC1 scores indicating high concentrations of these ions 
(Figure 3.2; Table 3.5). The second axis was most strongly associated with pH although 
there was also a positive association with chloride.  Overall, Aberedw ponds tended to 
be base poor (Figure 3.2), whilst Llandeilo ponds encompassed a wider range of 
physico-chemical conditions, but often with higher conductivity and ionic 
concentrations.  There was wide variation among the ponds on the Maeliennydd and on 
the Begwns hills (Figure 3.2). 
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3.3.2. Temporal variation in environmental characteristics. 
 
Twenty-pond survey 
 
The twenty ponds in the temporal survey had similar average altitudes, areas and depths 
to ponds in the full census, covering much of the range of values measured (Table 3.6).  
These ponds fell within an altitude range of between 203-473 metres (a.s.l.) and 70 % 
were located above 400 m in altitude.  Over the 22 months of the study, the ponds had a 
mean surface area of 552 m2 and an average maximum water depth of just 0.25 ± 0.10 
m. Average pond conditions ranged from acidic to circumneutral with pH values 
ranging from 4.61 to 7.47 with a mean value of 5.95 ± 0.78 (Table 3.6).  Over half of 
these values (55%) lay within the circumneutral range of 6.5 – 7.5 pH units, whilst the 
remainder were considered acidic (pH < 6).  None of the ponds in this study had 
alkaline characteristics (pH >8).    Ponds showed relatively low conductivity throughout 
the course of the study with a mean value of 45.57 ± 8.31 µS/cm.  All ponds were, on 
average, saturated with oxygen with a range of 87% to 114%. 
 
Ponds were deeper with larger surface areas in winter relative to summer and, most 
notably, in 2008 relative to 2009 (Figure 3.3). Conductivity showed the opposite 
pattern, increasing with decreasing pond volume, whilst pH was broadly constant 
through the study period.  Dissolved oxygen declined during summer 2008, after which 
no further trend was evident (Figure 3.3). Depths and areas showed the biggest variation 
of any physical parameters with values for area ranging over several orders of 
magnitude in some ponds (e.g. Pond 1, Pond 10) (Table 3.7).  Conductivity and 
dissolved oxygen measurements also varied widely over the course of the study, with 
the largest ranges recorded for Pond 12 and Pond 13 respectively; these ranges were 
194.0 µS/cm for conductivity and 128.7 % for dissolved oxygen.  pH frequently ranged 
over one or two measurement units within ponds, with the most extreme case being 
Pond 20 with pH values ranging from acidic (5.62) to basic (8.61).  Ponds exhibited the 
greatest fluctuation in environmental characteristics during the summer months, whilst 
displaying relative stability during the winter (Figure 3.3). 
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Six-pond survey 
 
The data loggers characterised the variation in pond depth with much greater detail than 
was possible from the monthly samples of the 20 ponds. Water depth showed a high 
degree of synchrony across the six ponds and varied widely through the study period 
(Figure 3.4).  Two main patterns were evident: medium term fluctuations of c. 2-4 
weeks and longer term seasonal fluctuations. Broad seasonality was evident, with 
depths decreasing during late spring and early summer in both 2008 and 2009, and 
increasing through late summer or autumn (Figure 3.4).  The spring decline in water 
level commenced earlier in 2009 than it did in 2008 and could have been due to drier 
conditions during the first three months of the year in 2009 compared with 2008 (UK 
Meteorological Office 2011).  There was also a large decrease in water levels though 
late summer-early autumn of 2009, with pond levels not increasing until later in the 
autumn. During the period of 31st December 2008 to 14th January 2009, a sharp 
reduction in depth was recorded in the depth profile. As this coincided with a period of 
intense cold weather, it is likely to be an artefact of the freezing conditions.  In shallow 
ponds the water can freeze to its maximum depth and this could have interfered with the 
normal working of the dataloggers. 
 
The monthly water samples from the six ponds revealed wide variation in water 
chemistry through time (Figure 3.5; Table 3.8).  Na, Cl and Mg, and to a lesser extent 
Al and K, showed a similar temporal pattern, with a large peak in summer 2009 and to a 
lesser extent in the autumn (Figure 3.5).  Principal Component Analysis of the monthly 
water chemistry samples from the six ponds indicated that 79% of the variation could be 
explained by the first two axes (Table 3.9).  The axes were similar to those derived from 
the broad-scale, 30 pond analysis, albeit with the signs reversed, so that increasing axis 
one scores represented lower conductivity and ionic concentration (magnesium, sodium 
and chlorine; Figure 3.6).  Increasing axis two scores represented higher potassium and 
hydrogen concentrations (and hence a decreasing pH) (Table 3.9; Figure 3.6). 
 
Variance components analysis of the temporal data indicated that several variables 
showed predominant variability either among or within ponds (Table 3.10).  
Conductivity, DO, Al, Na and Cl all showed much greater variation (≥88%) within, 
rather than among ponds, in contrast to area, pH and – to a lesser extent – K, where the 
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predominant variation was between pond habitats, rather than within ponds through 
time (Table 3.10). This division was consistent with PCA of the water chemistry from 
the six ponds, where the six ponds were largely separated on the pH/K axis (PC2), but 
varied more widely and overlapped with one another on the conductivity/ionic 
concentration axis (PC1; Figure 3.6).  Water depth and Mg concentrations showed 
similar variability within- and among-ponds (Table 3.10). 
 
3.3.2.  Inter-relationships between abiotic characteristics  
 
PC1 scores from the six ponds were positively correlated with volume whilst PC2 
scores were negatively correlated with volume (Figure. 3.6, Table 3.11).  Since mineral 
ion concentrations loaded negatively on PC1, a positive correlation of PC1 scores with 
volume indicated that concentrations increased at low volumes.  In terms of PC2, 
potassium loaded positively, whilst pH had a negative loading, indicating that higher 
concentrations of both potassium and hydrogen ions were also present at lower 
volumes. 
 
Mean monthly water depth was significantly correlated with cumulative monthly 
rainfall (Table 3.11; Figure 3.8). To investigate the response times of ponds to rainfall 
events, a cross correlation analysis was conducted on 30 minute measurements of 
rainfall and increases in pond depth.  The results from this analysis showed that the 
strongest positive correlations appeared to be at a time lag of 0 for all ponds (Table 
3.12).  This indicated that water level started to rise within 30 minutes of rainfall 
occurring. 
 
3.3.3. Hydrological modelling 
 
The shape parameters for the six ponds revealed a range of shapes and sizes (Table 
3.13).   A value of alpha greater than 1 indicates a smooth parabolic shape with a 
concave profile whilst a value below one indicates a generally convex profile (Brooks 
and Hayashi 2002). Alpha ranged from 0.36 to 1.21 with most ponds <1, probably due 
to undulations in the pond bottom being such that convexity cancelled out the 
concavity.  Smaller ponds tended to have lower RMSE values than larger ponds, 
indicating that estimation of shape parameters and thus prediction of areas using the 
shape parameters was more accurate when dealing with smaller ponds. 
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3.3.3.1. Model Calibration 
 
Parameter values for soil moisture decay (k), soil moisture capacity (Gmax), runoff  (Kr), 
catchment size multiplier (n), and infiltration rates (Ic) were estimated for each of the six 
datalogger ponds during model calibration (Table 3.14).  Parameter values differed 
between ponds, sometimes by quite large amounts. The greatest variation was for Gmax, 
with values varying by over an order of magnitude (from 0.001 m d-1 to 0.077 m d-1), 
representing a large difference of 7cm per day in the runoff threshold of soil.  The 
catchment multiplier values also tended to be varied ranging from 9.00 – 17.62 times 
the area of the pond.  Four of the six ponds had similar Gmax estimates ranging from 
0.027 to 0.077 m d-1.  Variation in the other coefficient estimates was much smaller 
among ponds.  Infiltration values were within the same order of magnitude ranging 
from 0.002 m d-1 to 0.008 m d-1.  Values of k ranged from 0.7 to 0.98, whilst Kr ranged 
from 0.039 to 0.147 (Table 3.14). 
 
High Nash-Sutcliffe values (eq. [14]) were obtained in all cases except for Pond 2, for 
which the best model fit obtained was <0 (Table 3.14).  Plotting the predicted against 
the observed water depths for each pond during their calibration periods confirmed that 
the models captured many of the features of the hydrology (Figure 3.9 a-f).  For Pond 1, 
the model predicted the changes in water depth relatively well with pond depths being 
over and underestimated on few occasions and only by relatively small amounts 
(0.06m).  The largest divergence of 0.17 m occurred during the downward spike 
observed during the beginning of 2009, when the pond is believed to have frozen 
(Figure 3.9a).  Ponds 5, 7 9 and 10 were calibrated over a time period which was the 
same length but started earlier (March 2008 – March 2009) than Pond 1 (June 2008 – 
June 2009) and so these are best compared with one another (Figure 3.9 b-e).  The four 
models generally fitted quite well apart from a period of about 60 days starting from 
Day 120 where the model predicted depths of 0.1–0.3 m shallower than were actually 
recorded.  Pond 2 was calibrated during a different period from the other ponds (2009 to 
2010) and had a Nash-Sutcliffe value of just -0.57 indicating a poor fit (Figure 3.9e). 
This was because the predicted depth rose out of step with the observed data from 
around day 320 (Figure 3.9f). 
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An ‘average’ model was obtained by taking the mean of each coefficient from the 
values estimated for each pond (Table 3.14).  Values for alpha and S0 were not included 
in the average model since it was deemed that pond basin shapes were too different to 
justify using derived ‘average shape parameters’ on each pond.  Therefore the specific 
shape parameters for each pond were used, but all hydrological parameters were held 
constant across the ponds. 
 
3.3.3.2. Model Validation 
 
Specific Models 
 
Model validations showed varying success in predicting water depth among ponds, but 
all models produced much better predictions than simply predicting the mean depth, 
with Nash-Sutcliffe values ranging from 0.44 to 0.71 (Table 3.15).  The Pond 1 model 
fitted the validation data closely until around day 320 when the model started to 
overestimate the actual depth by up to 0.18 m (Figure 3.10 a).  Models for Ponds 5, 7 
and 9 tended to underestimate the depths until in the region of days 315–320, when the 
predicted depth increased above that of the observed depth.  This was the same time 
period on which Pond 2 calibration was carried out and for which the same effect can be 
observed from day 320 onwards in the calibration process (Figure 3.9 f). Pond 10 had 
the lowest Nash-Sutcliffe value during model validation, although still captured some of 
the main features of the hydrology (Figure 3.10e). Once again, after day 320, depths 
were consistently overestimated. 
 
Average Model 
 
Validation of the average model was carried out over the whole time period of the study 
(including both the calibration and validation periods for individual pond models) for 
which daily depth data were collected.  The average model provided a good fit to the 
data, with Nash-Sutcliffe values ranging from 0.57-0.76 (Table 3.15).  For four out of 
the six ponds, the average model performed better than the separate models for each 
pond, reflected in a higher mean Nash-Sutcliffe value of 0.66 compared to 0.61.   
Overall, the average model tended to capture the fluctuating nature of the water level 
very well, but tended to underestimate the depth of the majority of ponds, leading to an 
over-estimate of the frequency with which ponds dried out completely (Figure 3.11 a-f). 
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Sensitivity Analysis 
 
The sensitivity analysis was conducted on the coefficients calculated for the average 
model and showed that for all ponds the soil moisture decay coefficient (k) seemed to 
have the most influence on the value of the Nash-Sutcliffe coefficient (Figure 3.12 a-e).  
For Ponds 5, 7, 9 and 10, increasing k had a positive influence on the Nash coefficient.  
For Pond 1 and Pond 2, altering k in either direction caused a negative effect on the 
Nash-Sutcliffe value which suggests that for these ponds the soil moisture decay is 
estimated optimally.  The effects of altering the values of the other coefficients in the 
model were small, except for Pond 1, where 10% variations in infiltration (Ic) and n 
both altered the Nash-Sutcliffe coefficient by 0.2–0.3 (Figure 3.12a). 
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3.4.  DISCUSSION 
 
This chapter presents the first detailed study of the abiotic conditions of upland ponds in 
mid-Wales.  It is also the first study of its kind to investigate in detail the nature of 
temporal fluctuations in abiotic characteristics on multiple temporary and fluctuating 
ponds in the UK.  The only existing works in Wales, with which the results of the 
current survey can be compared, concern permanent ponds.  Gee et al. (1997) only 
measured basic abiotic parameters on their study of 50 newly formed ponds whilst part 
of the Countryside Survey focused on 29 permanent ponds but included a bit more 
water chemistry information such as levels if nutrients (Williams et al. (2007).  This 
provides some national information against which comparisons can be made. As a 
whole, the upland ponds in this study were distinct from the majority of ponds in Wales 
or the whole UK (Williams et al. 2007): they were small and shallow, and dominated by 
oligotrophic conditions. 
 
3.4.1. The abiotic characteristics of upland ponds 
 
The upland ponds in Radnorshire were characterised by a small surface area, with half 
of ponds having a mean area below 200 m2 and 54% below 400m2.  This compares to 
58% of Welsh ponds surveyed for the Countryside Survey (Williams et al. 2007) which 
were found to have an area less than 400 m2.  The Welsh ponds in Gee’s study (1997), 
on the other hand, were considerably larger with a median area of 1000 m2
.
  In terms of 
depth ponds were regarded as shallow with no depth over 0.75 m being recorded 
throughout the survey.  No depth data were provided for the Countryside Survey so 
comparisons cannot be made; however, measurements on temporary ponds in England 
and Wales found maximum depths to be variable, despite the ephemeral nature of the 
ponds, with 10% of ponds recorded to have a maximum depth of over 0.8 m (Nicolet 
2003).  The median depth for ponds in the other Welsh study was twice the maximum 
recorded in the current survey, at 1.5 m (Gee et al. 1997).  Radnorshire ponds therefore 
appear to be particularly shallow when compared to ponds in other datasets. 
 
Radnorshire ponds were identified as being circumneutral to acidic and only 2% of 
ponds from the census had a pH that could be regarded as alkaline.  Limestone geology 
is ubiquitous in the region, which might be expected to encourage alkaline conditions, 
but the presence of acidic soils (e.g. acid loams) in the area might prevent this.  At low 
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pH inorganic nutrients such as nitrogen, phosphorus and potassium are less available for 
uptake by macrophytes (Aerts et al. 1999).  These low nutrient conditions coupled with 
the damp environment of ponds provide the perfect habitat for bryophytes, which 
further acidify their surroundings by taking up the few nutrient cations that are present 
in exchange for hydrogen ions (Clymo 1963).  Additionally glacial drift in the region 
means that thin layers of glacial clay exist underneath the soil, effectively sealing off the 
basic effects of the underlying shales and preventing weathered minerals from reaching 
the surface water.  Other studies describing physicochemical characteristics of ponds in 
Wales (Gee et al. 1997) and in a wider UK setting, have also reported average 
circumneutral conditions (Nicolet et al. 2004, Bilton et al. 2009). 
 
Generally low levels of conductivity were recorded from ponds in this study with a 
mean value of 45.57 µS/cm recorded during the temporal survey of the 20 ponds.  This 
is in contrast to levels recorded for permanent ponds in the wider Welsh landscape for 
which  median and mean values of 160 µS/cm (Gee et al. 1997) and 386 µS/cm have 
been reported (Williams et al. 2007).  This also found to be the case in a wider UK 
context with mean conductivity levels of temporary ponds in the UK found to be 484 
µS/cm (Nicolet et al. 2004).  Low conductivity indicates low levels of dissolved mineral 
ions and this is a typical condition of dystrophic pools that are found in upland settings 
(Bonner et al. 1997).  Indeed, dissolved substances within the Radnorshire ponds were 
generally low and were within levels expected for natural, pristine waters (Chapman 
1992).  The only determinand which showed high concentrations was aluminium, which 
is typical for acidic waters since acidic conditions cause leaching of aluminium present 
in clay minerals in the soil (Driscoll 1985).  Low levels of calcium and magnesium 
indicated soft water, whilst potassium and chloride were found at lower concentrations 
than recorded previously in temporary ponds across England and Wales; most notably 
chloride (mean of 6.25 mg l-1 for this survey, 37.63 mg l-1 for other data; (Nicolet 
2003)).  The water chemistry of ponds in the region suggests that there are no 
anthropogenic inputs of inorganic substances which might have a detrimental effect on 
the habitats.  
 
The Radnorshire ponds were oligotrophic, with low nutrient concentrations found 
throughout the study.  Total oxidised nitrogen (TON) levels, for example, were below 
the detectable limit for 90% of the 30 ponds surveyed in 2008 and the mean value for 
those higher than this threshold was 0.37 mg l-1.  This was lower than the national 
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average for both Welsh ponds and UK ponds in the Countryside Survey which had 
mean values of  0.6 mg l-1 and 2.1 mg l-1 respectively, and was also lower than the mean 
value of 0.24 mg l-1 obtained previously from temporary ponds in England and Wales 
(Nicolet et al. 2004).  Phosphate levels were also lower in Radnorshire ponds than 
concentrations found other temporary ponds in England and Wales.  Phosphate is 
known to exist in different forms depending on the pH of the solution in which is found 
(Chapman 1992).  Under acidic conditions, phosphate exhibits a high affinity for metals 
such as iron and aluminium resulting in insoluble compounds (Navratil et al. 2009).  
High concentrations of aluminium in the acidic ponds could have reduced levels of 
detectable phosphorus at these sites.  Low levels of nutrients could also be related to the 
production of phenolic acids by Bryophytes which are known to bind to ammonia, thus 
taking it out of the system (Painter 1998).  Either way, the low levels of nutrients 
indicate that there was little in the way of contamination from agricultural chemicals 
such as fertilisers that could result in harmful effects such as eutrophication. 
 
Temporal variation in abiotic characteristics of ponds has been previously demonstrated 
at a range of temporal scales (Daborn 1976, Bonner et al. 1997, Arle 2002, Angelibert et 
al. 2004, Dominguez-Villar et al. 2008). This study revealed the extent to which the 
abiotic environment varied through time in the Radnorshire ponds (Figures 3.4 & 3.5) 
and provided evidence of the fundamental link between hydrology and the chemical 
environment in this kind of habitat.  Mean area, depth and conductivity all showed an 
approximate twofold variation over the course of the 20-pond study, whilst the variation 
in concentrations of some chemical determinands was even greater (Figure 3.5).  
 
Most determinands in the six-pond study followed a similar temporal pattern exhibiting 
increases in concentration during the early summer and again during the early autumn 
of 2009 (Figure. 3.5).  Synchronicity suggests that a common factor (or factors) was 
driving changes in concentration in Radnorshire ponds.  Generally variability in the 
concentration of dissolved substances is largely due to three processes, all of which 
demonstrate the intimate link between hydrology and the physiochemical environment 
of temporary ponds.  The first of these is a concentration effect that takes place as a 
pond dries and is more pronounced in temporary ponds which are small and shallow in 
nature (Williams 2006). The increased ionic concentrations observed as volume 
decreased in this study was consistent with this effect.  The second is associated with 
pond refilling, and two different mechanisms may be involved.  Arle (2002) found that 
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conductivity levels rose immediately after filling as a result of re-dissolving of 
precipitated mineral salts deposited on the soil as the pond dried.  No evidence for this 
effect was found in the current study, possibly because sampling was not frequent 
enough to capture the conditions during the brief re-filling period. Alternatively, re-
filling by precipitation may cause a dilution effect in ponds since the conductivity of 
rain water is normally much less that of the water in a pond (Daborn 1976).  The 
observed negative correlation between pond volume and ionic concentration was 
consistent with this mechanism, despite the consistently low conductivity of pond water 
throughout the study.  The third process that may alter the chemical concentrations in 
the ponds is freezing, increasing chemical concentrations due to the cryogenic ‘salting 
out’ of dissolved substances when ice forms (Daborn and Clifford 1972). This may be a 
possibility given the altitude of the Radnorshire ponds, but the sampling regime used 
here was not able to assess this possibility.  pH was shown to track changes in depth and 
this also indicates a concentration effect with a reduction in pH (and hence increase in 
H+) following a reduction in depth.  A decrease in pH during the drying phase has also 
been attributed to the build up of fauna and decaying organic matter (Khalaf and 
MacDonald 1975) 
 
In addition to the three hydrological reasons for varying ionic concentrations in the 
ponds, biological reasons may also be important. Increased use of ponds by livestock 
during times of drought might make an important contribution to the increased 
concentrations of chlorine and potassium during these periods since these elements can 
be added through urine and faecal deposits.  This would exacerbate the concentration 
effect of the ions that already takes place due to decreasing volume causing the large 
fluctuations observed. 
 
Dissolved oxygen did not follow the same trends as other determinands.  Although 
dissolved oxygen levels showed fluctuations, no apparent pattern could be elucidated 
from the dissolved oxygen data.  This is not surprising since dissolved oxygen levels are 
influenced by many factors, both biological (e.g. such as respiration, photosynthesis or 
the microbial decomposition of organic matter) and physical (e.g. temperature and 
atmospheric pressure) (Chapman 1992). 
 
Pond depth and area closely tracked rainfall, yet no time delay was detected between 
rainfall events and water level rise with rainfall and water level time series correlating 
 94 
most strongly with no time lag.  Another study carried out in the UK that used cross 
correlation analysis to study the response of water level to precipitation looked at the 
response of groundwater to rainfall.  This study found time lags to be variable but all 
were in the region of days and weeks (Lee et al. 2006).  Pond lag times would be 
expected to be shorter than those observed for groundwater, since direct rainfall will 
certainly contribute to increases in water level almost instantly.  The major cause of lag 
would be due to the size of the catchment which would dictate how long and how much 
extra hydrological input (e.g. run off) ultimately reaches the pond.  The fact that no time 
lag was detected in these data indicates that the draining catchment of ponds is small so 
that there is not much of a lag between the initial rainfall ‘pulse’ and the peak in water 
level rise.  It is possible that there is a lag between these but that it is shorter than the 
resolution of the data in this dataset (i.e. < 30 minutes).  The rapid response of water 
level to rainfall events suggests that either direct rain is the most important contributor 
in terms of the ‘filling’ model or that the catchments are very small, with rapid delivery 
of runoff to the ponds (Section 3.2.5.2.). 
 
The importance of sampling abiotic characteristics, particularly water chemistry, on 
multiple occasions was highlighted by the results of this study.  For example when 
considering water chemistry data from the initial sampling of 30 ponds in 2008, ranges 
for certain parameters were smaller for the whole network of ponds than they were for 
ranges measured from a single pond over a period of 12 months.  A temporal survey on 
a single temporary pond in Oxfordshire carried out water chemistry analysis on samples 
collected twice per year for two years and concluded that variations in chemical 
variables were unrelated to pond volume (Nicolet 2003).  This was the opposite of the 
findings in this survey which revealed large fluctuations in water chemistry that tracked 
pond volume when measured multiple times over the course of 12 months.  It was also 
interesting to note in the November survey of 30 ponds the concentrations of few 
minerals exceeded 10 mg l-1.  However in the temporal survey on 6 ponds, this 
concentration was exceeded at one time or another during the year for all of the ponds.   
 
3.4.2 Hydrological modelling of upland ponds in mid Wales 
 
The construction of a hydrological model for upland ponds in mid Wales is the first of 
its kind in the UK.  Similar studies have been made to predict pond depth and area in 
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north America (Poiani 1996, Minke 2009) and in different regions of Africa (Hulsmans 
et al. 2008, Soti et al. 2010).   
  
Model parameters were estimated during the calibration phase for each of the six ponds 
for which continuous water level data were recorded.  Estimates varied between ponds 
yet predictions were in good agreement with the observed data (Table 3.14; Figure 
3.11).  There was a time period for which predicted depths deviated noticeably from 
observed depths (Days 130 – 190) and this was common to the four ponds for which 
this period was complete (Ponds 5, 7, 9 & 10).  This was not observed for Pond 1 whose 
calibration period started half way through this time period. The models for Pond 1, 
Pond 2, Pond, 5 and Pond 9 performed relatively well with the independent validation 
data (Nash-Sutcliffe values= 0.68, 0.68, 0.62, 0.71 respectively), whilst the models for 
Pond 7 and Pond 10 were weaker (Nash Sutcliffe = 0.53, 0.44 respectively).  It was 
observed that during the latter part of the validation period, deviations between 
observed and expected values increased, with predicted depths increasing steadily in 
relation to observed depths. Once again this was observed for multiple ponds suggesting 
a common cause: either something occurring in the environment which the model did 
not capture, or some discrepancy in the data. 
 
Possible environmental reasons for the discrepancy could be due to the fact that freezing 
conditions during this part of the year (December 2008 – January 2009) might have 
caused a covering of ice over the pond through which any precipitation events such as 
snow could not have contributed directly to the water level. For Pond 1, water 
temperatures recorded by the dataloggers dropped below freezing during December 
2008 and January 2009 which would indicate the formation of ice.  Any precipitation 
recorded during this period would have contributed to the modelled depth, but not 
necessarily to that recorded by the dataloggers.  It is possible that relatively small 
amounts of snow gathering in the rainloggers might have melted sufficiently on a daily 
basis to produce precipitation readings, whilst any melting of the larger ice sheet 
covering the pond may not have been in sufficient amounts to cause a measurable 
increase in water level.  Alternatively, freezing of a substantial proportion, or all, of the 
water column may have affected the depth estimates made by the water level 
dataloggers.  It is also plausible that the observed differences were due to discrepancies 
in the weather data that was used to estimate evaporation, as the location was 20 km 
away from the ponds: such discrepancies would affect all ponds for which it is used. 
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The average model tended to overestimate the frequency of drying events for the 
majority of ponds.  This could have been due to overestimating evaporation or 
infiltration.  It has previously been suggested that in some regions of the pond basin 
infiltration does not occur below a certain pond depth due to the presence of ‘clogged 
sediments’ through which infiltration is minimal (Porphyre et al. 2005).  In a temperate 
environment such as the UK, evaporation by itself is not considered to be sufficient to 
cause significant reductions in pond depth (Collinson et al. 1995), suggesting that 
infiltration is an important contributor to the reduction in depth.  A development of the 
model could explore the possibility of modifying when the coefficient is used within the 
model i.e. only when water level is above a specified level. 
 
The ability to predict the proximate environmental effects of large-scale environmental 
changes (e.g. climate change, urbanisation) can have important implications for 
developing conservation strategies.  Contemporary changes in climate are having major 
effects on many ecosystems (Walther et al. 2002) and it is expected that these will 
increase further in future.  Being able to predict the impacts on ecosystems can inform 
management schemes that might help mitigate the effects and inform the development 
of policy/legislation.  In terms of ponds, particularly fluctuating and temporary ones, 
potential effects of changes in temperature and precipitation as well as rates of 
evaporation could be extremely important.  In Wales, 2020 summer and winter mean 
temperatures, and summer minimum and maximum temperatures are predicted to rise 
by 0.6 ◦C even under a low emission scenario with this value expected to rise by 0.8 ◦C  
by the 2050s (UK Climate Projections 2009).  Precipitation is also predicted to change 
in the future with the most optimistic projection predicting increases in mean winter 
precipitation of 5% and decreases in mean summer precipitation 6%, under a low 
emission scenario (UK Climate Projections 2009).  Under a high emission scenario 
these projections are even more extreme, and so the future hydrology of ponds and 
pools in the UK could become rather different to what we see now.   
 
Increasing temperatures and decreases in summer rainfall could mean that the frequency 
of drying events goes up due to increases in the rate of evaporation.  If ponds were to 
dry up altogether the number of ponds in the pondscape would fall, reducing 
connectivity of freshwater habitat within the landscape and potentially threatening the 
metacommunity of many species populations (Allen 2007).  This has already been 
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observed in other upland, wetland habitats such as peat bogs where habitat 
fragmentation has been found to alter the structure of the odonate assemblage (Bonifait 
and Villard 2010).  On the other hand, potential increases in precipitation might reduce 
the frequency with which ponds dry out.  This could have an important impact on 
temporary pond species which rely on the fluctuating nature of temporary ponds either 
for the exclusion of predators and competitors or in order to complete parts of their life 
cycle (Williams 1997).  Many of these species are rare in the UK due to the scarcity of 
temporary waterbodies.  For example the Red Data Book species the fairy shrimp 
(Chirocephalus diaphanus), which has been recorded from ponds identified during this 
survey, requires a period of drying to induce the hatching of its eggs on re-filling of the 
pond (Hall and MacDonald 1975).  The vulnerability of this species to predators present 
in permanent waterbodies may make it particularly susceptible to any potential changes 
in hydrology that could increase the hydroperiod.  In addition to the extent of habitat, 
the intimate link between hydrology and water chemistry in fluctuating ponds such as 
the ones described here may produce far reaching effects on plant and animal 
community structure that are poorly understood at present. 
 
The results presented here indicate that simple hydrological models can be easily 
created for temporary ponds and, with the input of relatively simple data, employed to 
predict certain aspects of a ponds hydrological cycle.  With some modification the 
hydrological model created for upland ponds in this region could be refined to give a 
greater degree of accuracy in predicting depth given certain weather conditions, such as 
periods of freezing.  Suggested modifications might include including ‘freezing 
coefficients’ that only come into force when the temperature drops below a certain level 
or adjustments to the infiltration coefficient so that it is not uniform for all depths.  The 
observed relationship between volume and water chemistry suggests that it may be 
possible to predict the chemical conditions too. The resulting model could then be used 
to predict what might happen to pond habitats under different climate scenarios.  In the 
future, further testing of the model on ponds outside of the region could result in further 
regional or national pond models being created for the use in conservation strategies. 
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3.5. TABLES & FIGURES 
 
Table 3.1 – Correlations between daily rainfall series recorded from rainfall loggers 
next to the ponds and Sennybridge meteorological station data. 
 
Year 
Rain 
Gauge 
r P n 
2008 Rain 5 0.85 < 0.001 148 
 Rain 7 0.82 < 0.001 148 
 Rain 9 0.65 < 0.001 148 
 Rain 10 0.76 < 0.001 106 
2009 Rain 5 0.71 < 0.001 233 
 Rain 7 0.82 < 0.001 341 
 Rain 9 0.84 < 0.001 284 
 Rain 10 0.40 < 0.001 126 
 
 
 
 
 
Figure 3.1 – Schematic representation of the water balance model.  Redrawn from Soti 
et al.  (2010). 
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Table 3.2 – Parameter Space for the hydrological model.  Measurement units and 
maximum and minimum ranges within which parameters are estimated 
 
 
Parameter Min Max Units Increment 
k 0.8 0.95 dimensionless 0.001 
Gmax 0.001 0.1 m-1 d-1 0.0001 
Kr 0.1 0.6 dimensionless 0.001 
n 2 25 m 1 
Ic 0.001 0.1 m-1 d-1 0.0001 
 
 
 
 
 
Table 3.3 – Summary of data collected during the initial pond census.  Note that ‘water 
depth’ and ‘silt depth’ are averages taken from depth profiles measured for each pond.  
All results other than pH are reported in metres. 
 
 
Variable Minimum Maximum Median Mean (± SD) 
Altitude 203 539 414 396 ±  56.35 
Area 0 4764.16 202.83 527.62 ±  924.15 
dmax 0 0.75 0.19 0.22 ±  0.14 
dmean 0 0.55 0.11 0.13 ±  0.10 
Mean silt depth 0 0.73 0.06 0.12 ±  0.15 
pH 3.66 8.7 6.3 6.31 ±  1.06 
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Table 3.4 – Summary of chemical characteristics for the thirty ponds sampled in 
November 2008.  
Variable Minimum Maximum Mean (± SD) 
Conductivity (µS/cm) 22 69 38.67 11.31 
Alkalinity (mg/l) <5 <5 <5 <5 
Aluminium  (µg/l) 47 755 217.3 160.14 
Calcium  (mg/l) < 1 5.20 2.40 1.47 
Chloride  (mg/l) 4.30 9.00 6.25 1.11 
Magnesium  (mg/l) 0.37 1.99 0.71 0.34 
Sodium  (mg/l) < 2 5.00 3.10 0.78 
Potassium  (mg/l) <0.1 3.22 1.27 0.82 
Ammonia  (mg/l) <0.03 0.45 0.19 0.22 
Nitrate  (mg/l) <0.196 0.51 0.37 0.12 
Nitrite  (mg/l) <0.004 <0.004 <0.004 <0.004 
Total oxidised nitrogen (mg/l) <0.2 0.51 0.37 0.12 
Orthophosphate (mg/l) <0.02 0.07 0.04 0.02 
   
Figure 3.2 - Principal Components Analysis biplot for water chemistry data from 30 
ponds in November 2008.  Red circles mark ponds located on Aberedw Hill, purple 
squares Llandeilo Hill, green diamonds The Begwns and yellow rectangles the 
Maeliennydd 
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Table 3.5 – PCA loading coefficients on water chemistry data for the 30 ponds sampled 
in November 2008.  Figures in bold type indicate the strongest correlations. 
 
 
 PC1 PC2 
Proportion of variance 0.45 0.16 
Cumulative proportion 0.45 0.61 
Loading coefficient:  
Al -0.16 -0.20 
Ca 0.83 -0.36 
Cl 0.59 0.63 
Mg 0.88 -0.14 
K -0.57 -0.14 
Na 0.92 0.21 
Cond 0.91 0.08 
pH 0.30 -0.86 
Area 0.30 -0.21 
 
 
 
 
Table 3.6 – Physical characteristics of ponds included in the temporal survey. 
All determinands other than altitude are derived from the mean for each pond, taken 
from 22 samples recorded over the course of the temporal survey. 
 
Variable Minimum Maximum Mean       (± SD) 
Altitude 203 473 396.90 ± 66.90 
Surface Area (m2) 27.09 2470.90 551.66 ± 610.57 
Depth  (cm) 0.08 0.49 0.25 ± 0.10 
pH 4.61 7.47 5.95 ± 0.78 
Conductivity (µS/cm) 29.62 58.15 45.57 ± 8.31 
Dissolved oxygen (%) 87.72 113.77 99.51 ± 6.16 
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Figure 3.3 – Monthly mean abiotic characteristics from the 20 ponds over the15 months 
of the general survey.  X axis is not on a time scale but marks months as categories.  
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Table 3.7.  – Ranges of physical characteristics of the 20 ponds in the general survey. 
 
 Depth   m Area   m2 pH Cond  µS/cm DO  % 
Pond Min Max Min Max Min Max Min Max Min Max 
1 0.5 46.5 3.70 2116.75 5.07 6.53 13.00 110.20 79.30 126.00 
2 7 39.5 13.12 63.74 4.54 6.88 14.00 77.70 56.50 115.20 
3 5 36 251.52 1103.74 5.04 6.81 22.00 119.30 52.50 113.50 
4 6 30 90.51 327.58 4.23 5.26 22.00 164.30 52.80 115.20 
5 8 43 7.36 49.30 0.00 6.05 11.00 51.00 8.20 132.00 
6 21 59 87.98 452.12 5.75 7.36 22.00 185.40 79.70 121.60 
7 14 31 226.53 779.11 6.86 8.63 39.20 90.00 59.10 153.70 
8 0 22.5 0.00 68.59 6.33 6.81 30.80 42.40 83.30 143.10 
9 31 67 611.02 948.00 6.23 7.52 24.00 108.40 74.30 124.00 
10 8 33 405.00 1957.09 5.32 6.83 13.00 96.40 76.60 142.20 
11 5 23 34.75 277.35 5.55 7.24 13.00 174.00 87.50 129.50 
12 3 37 3.84 276.76 5.39 6.65 15.00 209.00 10.75 113.50 
13 6 33 8.79 164.51 4.58 5.59 15.00 163.00 2.40 131.10 
14 0 28 0.00 200.16 4.70 6.31 30.00 75.50 68.30 118.40 
15 18 54 630.44 1288.12 5.30 8.06 20.00 64.00 64.60 117.80 
16 10 28 173.50 278.20 4.11 5.53 29.00 101.00 57.70 130.40 
17 0 23 0.00 342.25 4.32 5.04 10.00 71.20 13.50 135.60 
18 9.5 38.5 169.66 678.83 5.26 6.66 19.00 76.70 80.20 119.80 
19 18 39 0.00 477.05 6.16 7.02 29.00 90.00 69.40 150.90 
20 14 34 2109.56 2987.03 5.72 8.61 13.00 110.20 28.20 145.40 
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Figure 3.4 – Graph showing mean daily water depth (m) ± max/min of 6 ponds over the 
study.  Measurements were recorded over a 22 month period between March 2008 and 
January 2010. 
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Figure 3.5 – Monthly mean water chemistry for the six-pond survey over a 12 month 
period.  All units are in mg/l. 
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Table 3.9 – PCA loading coefficients for temporal water chemistry data collected from 
the six-pond survey.  Calcium was excluded from this analysis because > 60% of values 
were below the detectable limit.  Figures in bold type indicate the strongest correlations. 
 
 PC1 PC2 
Proportion of variance 0.51 0.32 
Cumulative proportion 0.51 0.83 
Loading coefficient: 
Al 
-0.33 0.62 
Cl 
-0.79 0.49 
Conductivity 
-0.97 0.04 
Mg 
-0.87 -0.27 
K 0.06 0.95 
Na 
-0.92 0.06 
pH 
-0.50 -0.78 
 
 
Figure 3.6 – PCA biplot of the temporal water chemistry data from the six ponds. 
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Table 3.10 – Intra-class correlation coefficients indicating the relative magnitude of 
spatial and temporal variation found in abiotic measurements.  Analysis carried out on 
data from both the 20 pond and six pond surveys.  Calcium was excluded from the 
analysis since > 60% of recorded values were below the detection limit. 
 
 
 
 20 Pond Data 6 Pond Data 
 Depth Area pH Cond DO Al Na Cl Mg K 
Between 
ponds 
0.54 0.89 0.78 0.05 0.01 0.07 0.12 0.07 0.53 0.63 
Within 
ponds 
0.46 0.11 0.22 0.95 0.99 0.93 0.88 0.93 0.47 0.37 
 
 
Table 3.11 Generalized Least Squares models of a). PC scores (predictor) against z 
transformed volume (response), b). Mean monthly depth (predictor) against log 
transformed cumulative monthly rainfall (response), detailing regression coefficients, p-
values and corresponding confidence intervals 
 
 
Estimate (S.E.) t p 95% CI 
a). PC1     
Volume 0.491 (0.095) 5.150 <0.00001 0.30 –  0.68 
     PC2     
Volume -0.266 (0.074) -3.569 0.0009 -0.41 to -0.12 
b). Depth     
Rainfall 
 
0.074 (0.023) 3.17 0.0021 0.03 – 0.12 
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Figure 3.7. – The relationship between pond volume (z-scores) and water chemistry 
PC1 (a) and PC2 (b). 
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Figure 3.8 – Monthly mean water level (m) and cumulative monthly rainfall (mm)  
from the six ponds used in the intensive temporal survey.  
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Table 3.12 Cross correlation analysis between rainfall and water depth 
measurements recorded at 30 minute intervals. The highest r2 values were found at a 
lag of 0 minutes.  Significance levels are based on the equation ~2/√N as stipulated by 
Diggle (1990) 
 
 
 
 
 
 
 
 
 
 
 
 
Analysis n Significance level Time lag r 
Pond 1 17520 0.015 0 0.100 
Pond 2 3009 0.040 0 0.270 
Pond 5 17520 0.015 0 0.268 
Pond 7 17520 0.015 0 0.170 
Pond 9 17520 0.015 0 0.057 
Pond 10 17520 0.015 0 0.060 
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Table 3.13. – Shape parameters estimated for the six datalogger ponds. Shape 
parameters were estimated using depth and area data measured during the temporal 
survey.  RMSE - root mean squared area.  The lower RMSE the better the coefficients 
are at describing the bathymetry of the pond.  S0 and α are shape parameters which 
denote pond area when max depth is 1m and the slope profile respectively. 
 
 
 
 
 
 
 
 
 
 
Table 3.14 – Hydrological model parameter estimates for each pond during the 
calibration period 
 
 Pond 1 Pond 2 Pond  5 Pond 7 Pond 9 Pond 10 Average 
Model 
Calibration 
 period 
05/06/08 – 
 04/06/09 
05/06/09 –   
10/01/10 
17/03/08 –  
16/03/09 
17/03/08–
16/03/09 
17/03/08 –  
16/03/09 
15/03/08 – 
16/03/09 
- 
Nash-Sutcliffe 0.91 -0.57 0.93 0.93 0.94 0.93 - 
k = 0.97 0.96 0.70 0.82 0.96 0.98 0.90 
Gmax = 0.077 0.060 0.001 0.003 0.044 0.027 0.035 
Kr = 0.06 0.04 0.13 0.05 0.12 0.13 0.09 
n = 11.11 9.00 11.73 17.62 12.41 12.00 12.31 
Infiltration = 0.005 0.002 0.008 0.006 0.007 0.008 0.006 
 
 
 
 
 
 
 
 
 S0 α Max Area (m2) RMSE 
Pond 1 4971.69 1.21 2116.75 343.62 
Pond 2 154.17 0.93 63.74 5.88 
Pond 5 93.80 0.70 48.99 6.51 
Pond 7 1771.53 0.78 779.15 82.14 
Pond 9 987.95 0.36 948 82.24 
Pond 10 4247.16 0.65 1957.09 168.30 
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Figure 3.9 a) – f) Observed and predicted depths for each of the 6 ponds on which the 
hydrological model is built.  
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b) Calibration period 15/03/2008 – 14/03/2009 
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c) Calibration period 15/03/2008 – 14/03/2009 
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d) Calibration period 17/03/2008 – 16/03/2009 
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e) Calibration period 15/03/2008 – 14/03/2009 
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f) Calibration period 05/06/2009 – 10/01/2010 
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Table 3.15 – Validation of the hydrological models for the pond-specific and overall 
average models.  Agreement between predicted and observed water depths is quanitifed 
with the Nash –Sutcliffe coefficients. For Pond 2 this meant a considerably shorter 
validation period.   
 
 
 Nash-Sutcliffe  Nash-Sutcliffe 
  Date range of Validation Specific model Date range of Validation Average model 
Pond 1 05/06/09 – 17/03/10 0.68 05/06/08 – 17/03/10 0.57 
Pond 2 20/05/10 – 01/10/10 0.68 20/05/10 – 01/10/10 0.76 
Pond 5 17/03/09 – 10/01/10 0.62 17/03/08 – 10/01/10 0.71 
Pond 7 17/03/09 – 10/01/10 0.53 17/03/08 – 10/01/10 0.65 
Pond 9 17/03/09 – 10/01/10 0.71 17/03/08 – 10/01/10 0.57 
Pond 10 15/03/09 – 10/01/10 0.44 15/03/08 – 10/01/10 0.70 
   Overall 
mean 
 0.61  Overall 
mean 
 0.66 
 
 
 
 
Fig 3.10 a-f Comparison of simulated and observed water depths for the validation 
period using specific model parameters 
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b) Validation period 15/03/2009 – 10/01/2010 
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c) Validation period 15/03/2009 – 10/01/2010 
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d) Validation period 17/03/2009 – 10/01/2010 
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e) Validation period 15/03/2009 – 10/01/2010 
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f) Validation period 20/05/2010 – 01/10/2010 
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Figure 3.11 a-f Comparison of simulated and observed water depths for the whole of 
the data period using average model parameters. 
 
a). Test period 05/06/2008 – 17/03/2010 
 
Pond 1
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
17
6
21
4
25
2
29
0
32
8
36
6 38 76 11
4
15
2
19
0
22
8
26
6
30
4
34
2 15 53
Day of year
Observed
Predicted
 
 118 
b).17/03/2008 – 10/01/2010 
 
 
 
Pond 5
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
96 13
4
17
2
21
0
24
8
28
6
32
4
36
2 34 72 11
0
14
8
18
6
22
4
26
2
30
0
33
8
Day of year
Observed
Predicted
 
 
 
c).17/03/2008 – 10/01/2010 
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d).17/03/2008 – 10/01/2010 
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e).17/03/2008 – 10/01/2010 
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f). 20/05/10 – 01/10/10 
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Figure 3.12 a-e – Sensitivity analysis: spider diagrams demonstrating the effects of 
changing each coefficient by 10% either side of the original value on the Nash-Sutcliffe 
value of the model. 
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4: SEASONAL VARIATION IN THE MACROINVERTEBRATE 
ASSEMBLAGES OF UPLAND PONDS IN RADNORSHIRE 
 
 
 
ABSTRACT 
 
Most pond research focuses on biological differences among ponds and the 
environmental conditions that correlate with them, with few studies characterising 
temporal variability.  This study aims to address this gap by characterising the temporal 
variation in macroinvertebrate assemblages of upland ponds in Radnorshire over a 
complete annual cycle.  Twenty ponds were sampled monthly between April 2008 and 
April 2009, and changes in macroinvertebrate abundance, diversity and community 
composition analysed through time and in relation to pond hydrology.  The relative 
magnitude of temporal and spatial variation in the biology of the ponds was estimated.  
Two temporal patterns were evident: The first was a large increase in macroinvertebrate 
abundance and richness throughout the sample period, contrasting with no visible 
change in community composition or overall change in rarefied richness; the second 
was clear seasonality in the abundance of several families and in the occurrence of 
juvenile and adult stages. Temporal variation exceeded spatial variation for abundance 
and species richness, whilst differences in community composition were greater among 
ponds than over time.  No convincing evidence was found to suggest that the biological 
character of ponds was influenced by changes in water volume during the study.  
Instead, seasonality is likely to be primarily synchronised by other factors such as 
temperature or day length.  It is hypothesised that the increasing abundance reflected 
recovery from a very dry year prior to the study (2007) and a wet summer in the study 
year (2008) when pond volume may have been less variable. The results are discussed 
in light of the potential benefits that inclusion of temporal sampling can bring to an 
understanding of macroinvertebrate community composition. 
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4.1. INTRODUCTION 
 
There is increasing recognition that ponds make an important contribution to freshwater 
and landscape-scale biodiversity, especially relative to the small area that they occupy 
(Williams et al. 2004).  This recognition has resulted from - and continues to drive - an 
expanding research field, with the number of published pond studies increasing 
dramatically over the last 20 years (Oertli et al. 2009).  Much of this research deals with 
the macroinvertebrate assemblages of ponds (e.g. Painter 1999, Della Bella et al. 2005, 
Oertli et al. 2008).  In terms of understanding pond ecology, macroinvertebrates make 
good study organisms since they occur in virtually all ponds, are numerous, and exhibit 
diverse evolutionary and ecological strategies as well as occupying different trophic 
levels (Wiggins et al. 1980).  Large sample sizes suitable for statistical analysis can 
therefore be obtained and a great deal of information about the functioning of pond 
ecosystems can be gleaned.  In addition many species are of conservation interest, often 
underpinning conservation designations and so studying them can also contribute to 
conservation management. 
 
Most studies of freshwater macroinvertebrates focus on the patterns of diversity among 
ponds and the processes that explain them (Nicolet et al. 2004, Oertli et al. 2008, Bilton 
et al. 2009).  Aspects of hydrology such as pond size and hydroperiod are often cited as 
influences on the biological character of ponds (Collinson et al. 1995, Brooks 2000, 
Schwartz and Jenkins 2000, Rundle et al. 2002, Kiflawi et al. 2003), whilst chemical 
characteristics such as pH, salinity, and nutrients may also be influential (Batzer 2004, 
Silberbush 2005, Waterkeyn et al. 2010).  However, other studies have found only weak 
relationships between taxonomic richness and environmental conditions (Batzer 2004, 
McAbendroth 2004).  In addition, biotic effects such as competition and predation can 
play a role in shaping aquatic communities  (Wellborn et al. 1996).  The dynamics of 
such interactions may vary along a hydroperiod gradient, with the importance of biotic 
interactions exceeding physico-chemical factors in permanent waterbodies (Jocque et al. 
2007), whereas physcial conditions play more of a structuring role in temporary and 
fluctuating pools that support many rare species (Herbst 2001). 
 
In contrast to spatial patterns, relatively few studies have considered the temporal 
variability in pond environments and the effects on their ecology.  Temporary and 
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fluctuating ponds can experience dramatic changes in water volume, chemistry, and the 
thermal environment (Podrabsky et al. 1998, Dominguez-Villar et al. 2008) with 
hydrology often found to be the main influence on the variation in other abiotic 
conditions (Daborn and Clifford 1972, Bonner et al. 1997, Angelibert et al. 2004, 
Chapter 3).  Those which have focussed on the temporal fluctuations either include only 
a small subset of ponds (Brooks 2000, Hillman and Quinn 2002) or include multiple 
ponds, but only look at a few samples in time (Miller et al. 2008).   
 
Macroinvertebrate assemblages of ponds exhibit natural seasonal variations due to the 
different developmental strategies of different species (Wiggins et al. 1980, Williams 
2006) and over longer time scales, the pond fauna may change in response to 
environmental or successional changes (Jeffries 2011).  Despite the marked 
environmental variability in temporary ponds, relatively few studies have considered 
how the invertebrate community changes through the year or how this might be 
influenced by their changing environment.  This is especially true for upland ponds in 
mid Wales which prior to this work, had no comprehensive spatial data or temporal data 
recorded. 
 
Beyond an improved understanding of the basic ecology of temporary ponds, 
characterising temporal variation in the biology has three potential applied benefits. The 
first is that knowledge of natural variation in ecological communities can assist 
biomonitoring studies, enabling the separation of responses to anthropogenic 
disturbance from natural rhythms of compositional change (Trigal et al. 2006).  The 
second is to assist in the prediction of biological responses to environmental change. 
Both of these reasons are especially important when considering that ponds face an 
uncertain future due to predicted changes in climate (Biggs et al. 2005, Oertli et al. 
2005): particularly temporary and fluctuating ponds where changes in the quantity and 
timing of rainfall could have major impacts on the hydrology and water chemistry 
(Dimitriou et al. 1999).  The final benefit is that the design of sampling strategies can be 
improved, to capture temporal variation whilst minimising the possible impacts of 
repeated destructive sampling of small waterbodies (Foggo et al. 2003).  Additionally, 
given that most monitoring programmes have finite resources available, prior 
knowledge of natural variation means that these can be directed in an optimal way so 
that maximum information can be gathered given a certain amount of effort.  With this 
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in mind it is therefore interesting to know whether the maximum amount of  
information can be gained simply from spatial sampling, temporal sampling or a 
combination of the two. 
 
The main objective of this chapter is to characterise the temporal changes in the 
macroinvertebrate fauna of upland ponds in Radnorshire over a complete annual cycle. 
This includes the total richness, abundance of animals and the overall community 
composition; the latter in terms of the assemblage of species and the relative 
contribution of different life stages.  The relative magnitude of variation within and 
among ponds is estimated.  Evidence for the role of hydrology (and it’s associated water 
chemistry parameters; Chapter 3) in driving temporal changes in the biology of upland 
ponds is assessed by testing the hypothesis that seasonal variations in biology are more 
readily explained by changes in the hydrology (water volume) of individual ponds, 
rather than by the time of year.  Finally the results are considered in light of drawing 
conclusions about the optimum sampling strategy of ponds so that in future studies, 
maximum information can be gained whilst causing the least destruction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 133 
4.2. METHODS 
 
4.2.1. Site selection 
 
Sites were selected using the methodology outlined in Sections 2.2.1 and 3.2.1.  The 
same twenty ponds used in the temporal abiotic survey (Chapter 3; APPENDIX 1a, 1c) 
were sampled. 
 
4.2.2 Macroinvertebrate sampling 
 
Invertebrate samples were collected monthly from April 2008 until April 2009, with the 
exception of September (due to unforeseeable circumstances) and December and 
January (due to pond freezing).  A modified version of the National Pond Survey 
method was used in order to minimise the disturbance of repeated sampling on pond 
habitats and invertebrate populations, especially in smaller ponds.  Instead of sampling 
for 3 minutes, a shorter sampling time of 30 seconds was used.  As outlined in Section 
2.3 all the main mesohabitats in the pond were sampled so that as many species were 
collected from the site as possible.  Sampling was carried out using a 500 µm mesh, D-
frame pond net (250mm x 300 mm).  ‘Net in water’ time was divided equally between 
each of the mesohabitats identified, for a total of 30 seconds for each pond, and this 
procedure was repeated each month.  Samples were emptied into a sorting tray and any 
amphibians were removed and released back into the pond.  The rest of the sample was 
preserved in 70% ethanol for later identification using a binocular microscope with a 
maximum magnification of X 200. 
 
Specimens were counted and identified to species level wherever possible using 
identification keys (Hammond 1977, Elliott et al. 1988, Friday 1988, Savage 1989, 
Wallace et al. 1990, Savage 1999, Cham 2007).  Equivocal specimens were checked 
against collections held at the National Museum of Wales, Cardiff with assistance from 
their taxonomists.  Most taxa were identified to species level, with the exception of 
Diptera, Hirundinae, Oligochaeta, Tricladida and Mollusca, which were identified to 
family level. Odonata were also recorded to family level to ensure consistency 
throughout the year, as some sample periods included early instar specimens which 
could not be identified further than family level (e.g. Odonata: Coenagrionidae). Within 
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the Coleoptera, Haliplus spp and Helophorus were recorded at genus level due to the 
difficulty of identifying some female Haliplus and Helophorus specimens.  For taxa 
with aquatic adults and juveniles, adults and larvae/nymphs were recorded separately 
(e.g. Coleoptera and Hemiptera).  Adults and juveniles were treated as different taxa in 
the data matrix for all analyses (e.g. Florencio et al. 2009).  This was so that seasonal 
variation in different developmental stages could be assessed in relation to the 
environmental factors.    
 
4.2.3. Data analysis 
 
Invertebrate metrics 
  
Species richness, abundance and composition are key components of biological 
diversity and each conveys information about the biology of a habitat (Bock et al. 
2007).  These biological indicators were used to assess the temporal changes in biology 
in upland ponds.  The number of species present in a sample is the easiest measure of 
diversity to quantify and this was used as the measure of richness.  The total number of 
individuals in each sample was used as the measure of abundance.  Detrended 
Correspondence Analysis (DCA:Hill 1973) was conducted on the invertebrate 
abundance data in order to summarise the main axes of variation in the invertebrate 
community and hence species composition.  DCA showed that the gradients were short 
enough for the use of linear ordination methods; however, a unimodal method was used 
since such analyses are more appropriate for data with lots of zeroes (ter Braak and 
Smilauer 2002).  Abundances were transformed (log+1) prior to analysis.  DCA was 
conducted using CANOCO for Windows v4.5 (ter Braak and Smilauer 2002), whilst all 
other analyses were conducted using R version 2.8.0 (R Development Core Team 2009) 
 
Species richness is known to correlate positively with abundance since a greater number 
of individuals within a habitat inevitably means that a greater number will be captured 
per unit sampling effort. This in turn increases the probability of capturing less common 
species (Rosenzweig 1995, Bock et al. 2007).  Observed seasonal variations in 
taxonomic richness could, therefore, be confounded by seasonal variations in abundance 
(i.e be an artefact of sampling as opposed to an actual increase in species numbers).  
Consequently, rarefied richness was calculated to compensate for differences in total 
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invertebrate abundance during each sample month (Sanders 1968, Gotelli and Colwell 
2001).  Rarefaction generates the expected number of species in small collections of n-
individuals drawn at random from a large pool of samples (Gotelli and Colwell 2001).  
In order to standardise samples with regards to abundance, each sample is scaled to a 
constant size equivalent to the number of individuals found in the smallest sample.  The 
monthly samples from each pond were rarefied to the lowest number of individuals 
recorded from that pond and the resulting ‘rarefied richness’ values were used in 
addition to ‘taxonomic richness’ in all subsequent analyses. 
 
Spatio-temporal variability in macroinvertebrates 
 
In order to investigate whether variation in the biological characteristics of ponds varied 
more through time or in space, a variance components analysis was conducted, using 
the ‘nlme’ package in R.  A multilevel model containing only an intercept term for pond 
(i.e. without covariates) was fitted. The resulting intra-class correlation coefficient 
(ICC) equated to the proportion of unexplained variation amongst the strata (ponds), 
rather than within them (Goldstein 2003).  Thus ICCs approaching 1 indicate that most 
of the variation can be found amongst samples (i.e. spatial variation) as opposed to 
within samples (temporal variation).  Variance components analysis was conducted on 
abundance, taxonomic richness, and species composition of ponds.  A variance 
components analysis was not conducted on rarefied richness since this measure is 
standardised with respect to differences in abundance that occur through time and is 
based on the lowest number of individuals recorded for each pond.  As this number is 
different for each pond the results of this analysis might be misleading. 
 
Influence of hydrology on temporal patterns 
 
The relative ability of the local environment (water volume) or sampling date to account 
for variation in the macroinvertebrate metrics was assessed using linear mixed effects 
models in R (R Development Core Team 2009).  Water volume correlated with the 
water chemistry of upland ponds in Radnorshire (Chapter 3) and so only this 
environmental variable was used in analyses since it integrates wider changes in the 
environmental conditions.  Pond volumes were calculated from monthly depth and area 
measurements that were made at the same time as invertebrate samples were taken.  The 
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complete methodology used is outlined in Chapter 3 (3.3.6.3).  The volumes for each 
pond were z transformed prior to analysis: for each pond the mean volume was 
subtracted from each month’s volume estimate and the resulting value was divided by 
the standard deviation of the volumes recorded for that pond.  This meant that for each 
pond the volume measurements taken together had a mean of 0 and a standard deviation 
of 1 which ensured that the results were not confounded by large differences in volume 
among ponds.   Abundance data were square root transformed. The fixed effects were 
volume and sample month, the latter treated as a factor so as to capture non-linear 
differences among individual months, whilst individual ponds were modelled with a 
random effect to take into account the repeated measures that were made on individual 
ponds (Pinheiro and Bates 2000).  To find the model which best explained each 
biological measure, three models were fitted with different fixed effects structures. 
These were volume as a predictor, month as a predictor and volume and month as 
predictors in the same model.  The relative support for the different models was 
assessed using the Akaike Information Criterion (AIC) with lower AIC values 
indicating the model with the strongest support (Burnham and Anderson 2002).  
Differences between two AIC values (∆AIC) indicate the relative strength of support for 
different models: if this value is 0-3 then the support for the two models is considered to 
be similar, whilst values above this indicate the model with the lower AIC has much 
stronger support (Burnham & Anderson 2002). The models containing month also 
provided a basic test of whether the observed temporal variation was statistically 
significant. 
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4.3. RESULTS 
 
4.3.1. Temporal variation in the invertebrate assemblage of ponds. 
 
Over the course of the survey 30,394 individuals were recorded, representing 96 
macroinvertebrate taxa.  The first two DCA axes collectively explained 10.4% of the 
variation between samples.  The first axis represented a gradient between species 
associated with acidic conditions (negative scores), such as the beetles Hydroporus 
pubsecens and H. gyllenhalli, to taxa characteristic of circumneutral conditions 
(positive scores), such as the Molluscs Lymnaea peregra and the Sphaeridae (Fig. 
4.1.a).  Samples tended to cluster by pond, rather than month, suggesting that spatial 
variation was greater than temporal (Fig.4.1 b,c) 
 
The abundance and richness of invertebrates varied significantly through the study year 
(Linear mixed model (GLMM): both P<0.001, df= 11;Table 4.1). Total abundance and 
taxonomic richness increased throughout the study, especially through the spring and 
early summer of 2008 (Figure 4.2).  Abundance reached a plateau during the autumn 
before increasing again by the following spring.  The changes in mean taxonomic 
richness were smaller than those in abundance, but showed a similar pattern, increasing 
steadily through spring and summer of 2008.  However, instead of it coming to a 
plateau during autumn, diversity continued to increase during October and November 
before dropping slightly during spring 2009.  Rarefied richness did not increase during 
the spring and into the summer (cf. taxonomic richness) once differences in abundance 
had been taken into account.  Patterns of rarefied richness in the remainder of the 
sampling period varied in a similar manner and this was weakly significant (GLMM: 
P=0.0105, df=11; Table 4.1).  Species composition (DC1 scores) showed no obvious 
temporal pattern (GLMM: P=0.076, df=11 Table 4.1), staying relatively stable over the 
course of the sampling period.  The Variance Components Analysis showed that for 
both macroinvertebrate abundance and taxonomic richness, temporal variation was 
larger than the variation between individual ponds (Figure 4.3).  However, in terms of 
species composition (DC1 scores), the spatial component was larger than the temporal.   
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Seasonal changes in family-level abundance 
 
The most abundant taxa belonged to Hemiptera (both adults and juveniles), Trichoptera 
and Ephemeroptera, whilst the Odonata and adult Coleoptera were moderately abundant 
(Figures 4.4 a-e).  Members of the Mollusca, Crustacea and Plecoptera were found in 
less than 25% of the ponds studied and so are not discussed individually. 
 
Collectively, hemipterans were most abundant in August and least abundant in the first 
sample month which was April 2008 (Figure 4.4 a.).  Different temporal trends were 
observed for different families and different developmental stages.  Corixidae was the 
most abundant family, and nymphs increased in number through the spring and into the 
summer.  Only a relatively small number of adults were present at this time. The 
nymphs then declined markedly through October and November whilst adults increased 
and remained abundant through winter 2008-9.  Notonectidae showed a similar pattern 
to Corixidae, again consistent with the development of the nymphal stages into adults.  
The Pleidae were abundant during the August sample, declined into the autumn and 
were largely absent from samples the following spring.  Adults and nymphs of the 
Gerridae occurred in insufficient numbers throughout the year to observe any temporal 
trends in abundance. 
 
The Trichoptera were mostly represented by the Limnephilidae which made up 99.5% 
of all Trichoptera captured during the survey.  Limnephilus vittatus in turn accounted 
for 99% of all Limnephilids captured.  This group was present in relatively low numbers 
during the first spring, and by late summer and autumn these numbers had reduced even 
further due to the summer emergence (Figure 4.4b).  The following spring the 
Trichoptera were substantially more abundant than they had been in 2008, probably due 
to a new cohort of larvae hatching during the previous autumn. 
 
The Ephemeroptera consisted almost exclusively of the Baetidae.  Of these 98% were 
represented by the species Cloeon dipterum.  Abundances were at their peak during the 
first summer, decreasing as the adults emerged in July onwards, before increasing again 
in the following spring. 
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Amongst the Coleoptera, the most abundant family was the Dytiscidae which 
contributed 70% of all beetles captured (Figure 4.4.d.).  This group increased in number 
at each sampling date, showing maximum abundance during spring 2009.  The 
Helophorinae on the other hand, exhibited a different temporal pattern only being 
present in ponds during the spring and summer months (which is their breeding season), 
and not being detected during the autumn.  Larvae of the Coleoptera showed an increase 
in abundance over the autumn months, declining through spring 2009 as adults 
emerged. 
 
The most abundant odonate family was the Coenagrionidae.  This taxon was present 
throughout the study and showed high abundance both during the autumn sampling 
months as well as during the spring samples collected in 2009.  In terms of the 
dragonflies, both the Libellulidae and the Aeshnidae showed similar patterns to one 
another in the fact that they were most abundant during late spring 2008 and decreased 
in samples from then on. 
 
4.3.2. Effect of hydrology on biological pattern of upland ponds 
 
The results of the mixed effects models showed that both volume and sample month 
were significantly correlated with invertebrate abundance and taxonomic richness 
(Table 4.1).  The models containing month as the only fixed effect had much lower AIC 
values than those containing just volume for both invertebrate abundance and 
taxonomic richness (∆AIC >25).  When both fixed effects were included in the same 
model, the AIC was not greatly increased relative to using month alone, but volume was 
not a significant predictor (Table 4.1).  Rarefied richness showed a similar result with 
the ‘month’ model providing the best fit (∆AIC 0).  However, for this measure of 
richness, volume was not significant even when used by itself in the model.  DC1 scores 
were not significantly related to either volume or month, indicating that there was no 
temporal change in species composition along the first DCA axis (Figure 4.1 c). 
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4.4. DISCUSSION 
 
For this chapter, upland ponds were monitored over the course of an annual cycle in 
order to characterise seasonal variation in the macroinvertebrate community and to see 
whether the seasonal biology of the ponds was influenced by their hydrology.  Two 
major temporal patterns were observed. The first was an increase in the overall 
abundance of invertebrates throughout the study period, and the second was distinct 
seasonality in the abundance of several invertebrate families and the ratio of nymphs to 
adults within those families.  The presence of seasonality is in line with previous studies 
on pond macroinvertebrate in both temporary (Brooks 2000, Tarr et al. 2005) and 
permanent aquatic habitats (Trigal et al. 2006)  
 
By contrast, community composition (DC1 scores) showed little temporal variability, 
suggesting that a similar assemblage of species was present throughout the year. This is 
contrary to previous studies that have shown community composition to vary through 
the year in temporary (Lahr et al. 1999, Ewald 2008, Florencio et al. 2009) and 
permanent ponds (Hillman and Quinn 2002), although not all studies have found this to 
be the case (Ruhi et al. 2009).  The increase in taxonomic richness suggested an 
increase in diversity through spring and summer 2008, apparently contradicting the 
DC1 results. However, when richness was adjusted for differences in sample size 
(rarefied richness), the rise in taxonomic richness through the study period was no 
longer evident. This implies that the increasing taxonomic richness was a sampling 
effect: expanding populations of many taxa in the ponds increased both the numbers 
caught and the probabilities of capturing less common species (Bock et al. 2007).  The 
rarefied richness results are therefore consistent with a similar assemblage of species 
being present through time, with the main source of temporal variation being changes in 
population sizes (i.e. abundance).  The lack of an observed successional change in 
invertebrate composition does not mean that a longer term seasonal trend is not taking 
place (e.g. Ruhi et al. 2009).  Long term temporal trends (e.g. inter-annual) in the 
turnover of macroinvertebrate communities has previously been found for temporary 
pond in the UK (Jeffries 2011). 
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4.4.1 Seasonal variation in the macroinvertebrate assemblage of Radnorshire ponds. 
 
The abundance of many invertebrate families varied seasonally in this study, and the 
differences among taxa appeared to reflect differences in life history.  For many 
freshwater taxa such as the Odonata, Trichoptera and Ephemeroptera it is only the 
juvenile stage which resides within a pond.  Synchronised emergence of adults of these 
species could therefore alter the abundance, composition and potentially the richness of 
the biodiversity within the pond habitat.  For some species there is a period of time 
between juveniles leaving the pond and the new cohort of larvae appearing (Wallace et 
al. 1990).  This was observed in the Trichoptera in the current study, which disappeared 
from samples during the summer months and into the autumn.  The dominant 
Trichoptera species found during this survey was Limnephilus vittatus.  In this species 
larvae metamorphose in spring and adults enter diapause not laying eggs until summer 
or autumn (Wallace et al. 1990).  The next cohort does not therefore occur until later on 
in the season and the results of this survey were in agreement with this trait. 
 
Generally, most other taxa were present in samples all year around, consistent with no 
significant variation in overall species composition observed during this study.  The 
Ephemeroptera exhibited this pattern with numbers increasing until August despite the 
fact that this species typically starts emergence from May (Elliott et al. 1988).  The most 
abundant species, Cloeon dipterum,  is the only British ovo-viviparous mayfly with 
eggs hatching as soon as they hit the water instead of entering a period of diapause or 
experiencing delayed hatching (Brittain 1982).  This species exhibits a slow growing 
winter generation and one or more rapidly growing summer generations often follow 
(Elliott et al. 1988).  This could explain its abundance in autumn and winter samples 
and may also explain why there was an increase in numbers during the height of 
summer.  The overlap of repeated summer generations means that larvae were at their 
peak abundance until high summer despite starting to leave the pond during the late 
spring.  The sudden increase in abundance during spring 2009 could be attributed to the 
fact that during autumn, specimens were sufficiently small to evade capture or were not 
immediately visible to the naked eye to be counted during processing of samples.  An 
alternative explanation is that a late cohort of adults emerged during the early autumn 
and laid their eggs during November.  This could be a plausible explanation since adults 
of C. dipterum are known to occur through to October and so a particularly warm 
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autumn might have resulted in some late emerging adults (Elliott et al. 1988).  However, 
in this study this is not likely to have been the case since mean temperatures for Wales 
in September and October 2008 were below long term averages (UK Meteorological 
Office 2011). 
 
Some members of the Odonata also exhibit a protracted breeding season and juvenile 
phase resulting in presence of nymphs all year around.  The Libellulidae and the 
Coenagrionidae possess a juvenile stage that can take 1-2 years to complete 
development.  In the Aeshnidae this can take up to 4 years, especially at more northerly 
latitudes and higher altitudes (Brooks 1997, Corbet and Brooks 2008).  Odonata were 
present in samples all year around but as the survey progressed, numbers of both 
Libelluidae and Aeshnidae decreased.  This could have been due to a decrease in 
breeding success during the unusually wet summer months of 2008 (UK Meteorological 
Office 2011).  Emergence in the large dragonflies is a crucial time which can take up to 
several hours during which period they are very vulnerable to predation and the 
weather, with heavy rain capable of damaging the delicate membranes of the wing 
(Corbet and Brooks 2008, British Dragonfly Society 2011).  The wet weather may have 
reduced the survival of emergent adults during summer 2008, resulting in lower 
recruitment of juveniles.  Larval populations in autumn 2008 onwards may have been 
bolstered by the protracted development of the previous year’s cohort.  The 
Coenagrionidae, on the other hand, were extremely abundant and did not show this 
pattern of decline.  Their smaller size and more rapid emergence than the larger 
dragonflies make them better able to take advantage of short spells of dry weather 
during emergence (Corbet and Brooks 2008).  The overall temporal patterns observed in 
the Odonata suggest that external environmental influences such as weather might also 
be an important driver in seasonal changes of macroinvertebrates in these habitats. 
  
The Hemiptera represent an aquatic group in which both adult and juvenile stages 
inhabit the pond environment.  This group was the most abundant taxon across the study 
period as a whole.  The main seasonal variation was present in juvenile stages and this 
was observed for the Notonectidae and the Corixidae, both of which were present in 
large numbers in the spring and summer.  The adult populations tended to stay relatively 
constant throughout the sampling period.  Numbers only really increased in the 
Corixidae during autumn when nymphs would have developed into adults.  The absence 
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of Gerridae from ponds during the winter months could be due to the fact that many of 
these species overwinter on land (Landin 1977).  This absence from winter samples was 
also the pattern observed for the Pleidae.  There is only one species European species of 
this group Plea minutissima and this univoltine species overwinters as the adult stage in 
an inactive state, even being able to survive complete freezing (Papáček 2001).  Its 
breeding season is starts in May-June and eggs take two months two to develop which 
explain the population explosion that was observed during August (Papáček 2001). 
 
Beetle abundance also remained relatively constant throughout the study, only 
increasing in the second spring; possibly as a result of an influx ready for the breeding 
season.  The only beetle taxon which showed different patterns was the Helophorinae, 
numbers of which reduced dramatically during the autumn months. 
 
4.4.2 The role of hydrology in determining seasonal patterns in macroinvertebrates 
 
Many published studies have found aspects of hydrology such as hydroperiod to have a 
significant influence on the community composition of ponds over shorter (Batzer 
2004), longer (Brooks 2000, Jeffries 2011) and similar time scales (Florencio et al. 
2011) to the one used in this study.  A reduction in volume can cause a change in 
community composition by biological and physical means.   Reduction in water volume 
means that space becomes limited and encounters between organisms more frequent: 
predation may increase, along with, increased competition for resources (Wellborn et al. 
1996).  Associated environmental effects such as the increase of conductivity or 
decrease of pH as substances in the water become more concentrated and can cause 
mortality in some species or act as cues for the emigration, aestivation or for the release 
of eggs in others (Lake 1969).  Increasing temperatures can also be a consequence of 
receding waters and in some species these can cause accelerated development and 
earlier emergence.  For example, mayflies are known to produce more generations 
during warmer conditions as a result of their ability to increase development in warmer 
conditions (Brittain 1982). 
 
Broad seasonality in the water levels of temporary ponds (e.g. Chapter 3) makes it 
difficult to separate effects of changing hydrology and water chemistry from 
phenological/life history changes. The only way to fully separate hydrological cues 
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from other seasonal effects would be to use experimental manipulation, for example 
artificially altering water levels during different seasons. Unfortunately, no previous 
work has attempted this.  In lieu of experimental manipulation, the models used in this 
chapter looked at the relative explanatory power of both month and volume: no 
correlation with volume would tend to rule out a strong hydrological effect.  Greater 
support for volume than month, or a significant correlation with volume after month 
was taken into account, would have provided support for the role of hydrology.  No 
convincing evidence was found that the biological character of ponds was dictated by 
changes in volume during the study year.  Whilst volume had a significant correlation 
with abundance and richness when considered by itself, the support for models 
containing just month was much greater – despite the much larger degrees of freedom 
(Table 4.1) – and volume did not explain any additional variation when considered at 
the same time as month.  Water levels dropped rapidly in spring 2009 (Figure 4.4; 
Chapter 3), but this was not reflected in the overall macroinvertebrate assemblages 
(Figure 4.2). Whilst these results do not exclude the possibility of hydrology affecting 
the biology, they suggest that gross seasonality was mainly synchronised by time of 
year and the development of organisms, rather than volume and the related changes in 
water chemistry.  
 
The absence of a major volume effect could be due to the fact that the ponds in the 
study fell along a hydroperiod gradient ranging from temporary to permanent (Chapter 
3).  Changes in volume may not have been extreme enough in some of the more 
permanent habitats to cause a noticeable effect on the biodiversity.  It might have been 
that volume was having an observed effect on the composition of some of the more 
temporary pond habitats but that this result was not detected when ponds of different 
hydroperiods were considered together. This effect may have been compounded by 
summer and autumn of 2008 being considerably wetter than average conditions (UK 
Meteorological Office 2011).  This resulted in ponds staying inundated when in an 
average year they might have dried up causing effects on different measures of 
macroinvertebrate assemblage.  This highlights one of the caveats of conducting 
surveys over a single annual cycle.   A longer term study might have captured more 
drying events, or more extremes of variation in volume, that might have caused a 
measurable change to the community. 
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Another possible explanation is that the volume fluctuations in these particular ponds 
are too unpredictable to have a significant influence on the biology of ponds.  It is 
possible that fluctuations occur over such short spaces of time that reductions in volume 
are not prolonged enough to initiate migration or increase development rates.  
Alternatively it could be that macroinvertebrates are only affected by the changes that a 
reduction in volume brings, once it recedes past a certain level.  Once it passes this 
threshold then space becomes limited, biotic effects such as competition and predation 
have a direct effect on the communities, as well as associated changes in environmental 
conditions causing composition effects such as increased development, migration or 
aestivation.  For some species this threshold could actually be when the pond dries out.  
For example, larvae of the dragonfly Libellula depressa are known to migrate from 
dried up ponds but will not do so until the water has completely receded (Piersanti et al. 
2007).  
 
Despite the equivocal results of examining hydrological effects on biology of ponds 
within a single year, this study may provide evidence of longer-term hydrological 
effects. The reason why total abundance was shown to be low during the first spring 
compared with the second may have been to do with weather conditions during the 
previous autumn.  August, September and October 2007 received considerably less 
rainfall than the national average for those months (72%, 74% and 40% respectively, 
UK Meteorological Office 2011).  This resulted in many ponds drying up, which was 
observed when preliminary census was carried out.  This may have resulted in ponds 
only being re-colonised during the autumn and winter months with numbers increasing 
steadily from the point of inundation.  Although there was no direct evidence that 
volume affected biology within the year of the present study, the steady increase in 
abundance provides circumstantial evidence of an effect among years; in this case one 
that is driven by changes in volume. 
 
Taxonomic richness also increased steadily through spring and summer of the first 
season with a drop off in richness after the winter.  This could have been the result of 
certain taxa moving away from the pond during the winter months, a strategy which is 
seen in certain species of pond skater (Landin 1977).  It could also have been an effect 
of decreased activity of species during cold temperatures, which may have decreased 
the probability of capture. 
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4.4.3. Sampling strategy 
 
The National Pond Survey methodology recommends that samples are collected during 
autumn, summer and spring in order to account for seasonality of certain groups, thus 
maximising the taxa that are encountered (Biggs et al. 1998).  Despite this, many pond 
monitoring programmes are often based on a single ‘snapshot’ in time (McAbendroth 
2004, Oertli et al. 2008).  This can be due either to limited resources or to minimise 
disturbance to a habitat, especially where there may be species of conservation value 
(Foggo et al. 2003).  For these reasons it is advantageous to have some idea of the 
optimum sampling time (or times) so that a balance can be struck between maximising 
information gained with minimizing effort or habitat degradation.  
 
During this study, temporal variation in the abundance and richness of invertebrates was 
greater than the variation in abundance and richness between the 20 different ponds.  
This would argue for including a temporal aspect to sampling to maximise the captured 
biological information the ponds in a region.  During the annual cycle covered in this 
survey, the sample month in which the greatest overall diversity was recorded was 
March 2009.  Over half of all taxa recorded during the whole survey were captured in 
this month.  This could simply be due to the fact that the abundance of invertebrates in 
March was one of the highest recorded, since the rarefied richness was not specifically 
greater than other months.  In terms of the average number of taxa recorded per pond, 
November and October were the samples that yielded the highest percentage of overall 
taxonomic richness with ponds in these months containing on average 14.68 and 14.8 % 
of the overall taxonomic richness respectively.  These samples had the highest diversity 
per pond even after abundance had been controlled for. 
 
Looking in greater detail, seasonal abundance varied among individual taxa.  For 
example adult Corixidae and Dytiscidae were most abundant during the autumn samples 
whereas Limnephilidae and Baetidae were most numerous during the spring and early 
summer.  The only taxa in which summer sampling might capture more information 
than other times of year were the Pleidae.  Coenagrionidae showed high numbers during 
the summer but these were not noticeably higher than at other times of year. Such 
variations among taxa could have important implications for taxon-specific studies. 
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In contrast to abundance, the variation in species composition was found to be more 
pronounced among ponds rather than through time within ponds.  This was in 
agreement with the clustering of samples by pond, rather than month, in the DCA and 
the mixed model finding no significant change in composition through time.  This 
would suggest that the best way to maximise information on species composition would 
be to sample as many ponds as possible as opposed to sampling through time.  
 
The ultimate goal of any study should determine the specific experimental design and 
sampling regime, i.e. which taxa are of interest and which measures of community.  For 
example, in this context, studies on richness or abundance would require more emphasis 
on the temporal aspect of sampling whereas more information on species composition 
would be captured by increasing the number of ponds sampled.  These results of the 
family-level analyses support the National Pond Survey methodology that samples 
should be collected from all seasons; however, they put more emphasis on the inclusion 
of autumn sampling.  Alternatively, specific conservation objectives may influence the 
sampling regime. For example, one of the qualifying criteria for the inclusion of ponds 
into the UKBAP for ponds of high ecological quality is the identification of ‘ponds with 
exceptional populations or numbers of key species’ which recognises ponds that have 
macroinvertebrate assemblages of greater than 50 species (Biodiversity Reporting and 
Information Group 2008).  Such diversity may only be revealed by repeated temporal 
surveying in an attempt to maximise coverage of individual ponds.  The designation of 
ponds as priority habitats under this criterion therefore can be considered effort 
dependent. 
 
Previous studies on pond invertebrate communities have found equivocal evidence that 
temporal sampling results in the acquisition of extra information.  Nicolet’s (2003) work 
on a single temporary pond found that whilst temporal succession and spring and 
autumn highs in species richness occurred, data from one season were enough to 
compare the relative composition of different ponds and this is supported by previous 
work (Foggo et al. 2003).  In contrast, another study on temporary ponds has found that 
species richness was significantly different between autumn and spring samples (Ewald 
2008).  The contradiction in these previous studies, together with the much more 
detailed seasonal patterns revealed in the present study, highlights the need for temporal 
surveying to be included in future pond sampling methodology. Clearly further research 
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is needed to ascertain exactly how important temporal sampling is so that a proper 
understanding of pond ecology can be obtained. 
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4.5. FIGURES & TABLES 
 
Figure 4.1 – DCA biplot of a). species scores, b). samples ordered by pond and c). 
samples ordered by sample month.  Only species with weights greater than 1% of the 
species with the heaviest weighting are included for clarity.  Species abbreviations can 
be found in APPENDIX 4. 
   
 
 
a). 
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b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c). 
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Table 4.1. – Model selection and results from linear mixed-effects models.  Bold script 
indicates the most parsimonious model.  N = 174. 
 
 
 
  Fixed terms ∆AIC 
 
DF  Significant terms 
Abundance A1 Month 0 11  < 0.0001 
 A2 Volume 36.55 4  4e-04 
 A3 Month + Volume 1.17 12 Month < 0.0001 
 
 
   
 Volume 0.9706 
Richness R1 Month 0 11  < 0.0001 
 R2 Volume 25.35 4  < 0.0001 
 R3 Month + Volume 0.47 12 Month < 0.0001 
 
     Volume 0.3279 
Rarefied richness RR1 Month 0 11  0.0105 
 RR2 Volume 1.122 4  0.0973 
 RR3 Month + Volume 2.566 12 Month 0.0105 
  
  
 Volume 0.2775 
Composition C1 Month 22.78 11  0.0739 
DC1 C2 Volume 0 4  0.1251 
 C3 Month + Volume 29.13 12 Month 0.0761 
  
  
 Volume 0.834 
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Figure 4.2. – Mean monthly values (± 1 S.E.M) of a). total abundance, b). taxonomic 
richness  c). rarefied taxonomic richness and d). species composition (DC1 scores). For 
taxonomic richness (b), the line denotes total taxonomic richness obtained by 
combining all samples for that month. No samples were recorded during September or 
during December and January. 
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c). Rarefied richness. 
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Figure 4.3. - The proportion of total variation  ascribed to variation between ponds 
(spatial variation) and within ponds (temporal variation) using Variance Components 
Analysis, for species abundance, taxonomic richness and composition (DC1 score).  
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Figure 4.4. – Temporal variation in the mean abundance (per pond ) of the most 
widespread invertebrate taxa found in this study, and mean pond volume (m3).  For 
Hemiptera and Coleoptera, adult (A) and juvenile stages (J) are included as separate 
‘taxa’ (see methods). 
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b). Trichoptera 
 
0.00
20.00
40.00
60.00
80.00
100.00
120.00
140.00
Apr May Jun Jul Aug Oct Nov Feb Mar Apr
M
ea
n
 
ab
u
n
da
n
ce
0.00
50.00
100.00
150.00
200.00
250.00
300.00
350.00
400.00
450.00
Vo
lu
m
e 
(m
3)
Polycentropodidae
Phrygaenidae 
Leptoceridae
Limnephilidae
 
 156 
c). Ephemeroptera 
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d). Coleoptera 
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e). Odonata 
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5: THE RELATIVE ROLES OF HABITAT SIZE, ISOLATION AND LOCAL 
ENVIRONMENTAL FACTORS ON BIODIVERSITY OF UPLAND PONDS IN 
RADNORSHIRE 
 
ABSTRACT 
 
One of the major research themes in ecology is identifying the environmental 
characteristics that drive biodiversity patterns.  Many different ideas have been put 
forward to explain community assemblages such as niche models, island biogeography, 
interactions between local and regional processes, and metapopulation dynamics.  
Within these concepts is the idea that both local environmental factors, such as water 
chemistry and patch area, and larger scale spatial factors such as isolation, dispersal and 
colonisation affect ecological processes and biodiversity patterns.  This study aimed to 
characterise the relative roles of patch area, isolation and the local environment on the 
biological characteristics of upland ponds in Radnorshire, Wales, in particular testing 
the hypothesis that species richness would increase with pond size and decrease with 
pond isolation.  The results showed that a few local environmental factors (e.g. pond 
area, pH) explained nearly 40% of the variance in macroinvertebrate and plant 
communities, whilst there was no evidence that pond isolation affected the flora or 
fauna.  These results suggest that proximate environmental conditions are more 
important in influencing the biology of upland ponds than effects of isolation i.e. 
dispersal does not appear to be limiting.  Species-area effects can inform conservation 
strategy, but may be misleading if the observed patterns are not understood fully.  
SLOSS analysis of cumulative species-area effects found that many small ponds 
supported a higher taxonomic richness than a single large pond of the same area.  This 
highlights the importance of considering between habitat (beta) diversity in the 
conservation assessment of ponds, and argues for the need to conserve networks of 
ponds (‘pondscapes’), rather than just the largest examples. 
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5.1. INTRODUCTION 
 
One major theme in ecology is the explanation of biodiversity patterns through their 
relationships with habitat characteristics (Spencer et al. 1999).  Species richness in 
insular habitats is thought to reflect a balance between ‘local’ and ‘regional’ processes: 
local processes pertain to factors which promote local extinction whilst regional 
processes are those which add species to communities  (Ricklefs 1987).  In other words, 
local processes can be thought of as the template provided by local environmental 
conditions and the biological processes that occur within this (Wellborn et al. 1996).  
Regional processes are those which include all variables affecting the dispersal between 
communities, which provide an external influence on local communities and therefore 
shape regional diversity (Jocque et al. 2007a).  Many local environmental factors have 
been found to explain variation in invertebrate and plant communities in freshwaters.  
Hydroperiod (Jocque et al. 2007b), area (Spencer et al. 1999), conductivity (Rolon et al. 
2008, Bilton et al. 2009) and pH  (Nicolet et al. 2004) have all been found to play a role 
in shaping pond assemblages.  In recent decades there has also been increasing 
recognition of the role that landscape-scale structure plays in influencing biodiversity 
patterns (Koenig 1999, Liebhold and Gurevitch 2002). 
 
The precursor for many modern concepts in community ecology is the theory of island 
biogeography, a paradigm first put forward to explain the factors that affect species 
richness in natural communities.  In its simplest form it states that species richness 
increases with habitat size and decreases with isolation (MacArthur and Wilson 1967).  
Originally devised to explain diversity on oceanic islands, the theory is applicable to 
any habitat patch that is surrounded by an unsuitable habitat matrix; for example lakes 
(Browne 1981), or tops of mountains (Brown 1971).  The theory postulates that habitat 
islands which are more isolated are less likely to receive immigrants than those that are 
less isolated and therefore will have lower species richness (distance effect).  
Additionally, islands that are smaller contain smaller populations which are more likely 
to experience random extinction events than larger islands and thus also have lower 
species richness (area effect).  Whilst the simplicity of the original theory is one of its 
defining features, better understanding of the complexity of nature means that it is no 
longer considered adequate as a modern theory of biogeography (Lomolino 2000). This 
has lead to the development of new paradigms that aim to explain the processes that 
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affect community composition in habitats.  Neutral models for biodiversity (Hubbell 
2001) concerns one of these fields of development and use a minimum set of rules to 
generate pattern in the absence of a particular process (Pearson and Gardner 1997).  In 
this context it begins with the simplest possible hypothesis that can be though of and 
then adds complexity back into the model until satisfactory agreement with the data is 
reached (Hubbell 2005). Ecological models that embrace regional processes as well as 
local mechanisms of population dynamics are also coming to the fore (Hanski 1999).  
One such model is metapopulation theory which emphasizes the connection of local 
populations in a network of isolated habitats through dispersal e.g. between ponds 
(Hanski 1998). 
 
Freshwater habitats, and particularly ponds, are perfect models for the study of spatial 
ecology since they represent naturally fragmented habitats which are linked by dispersal 
(Caudill 2003, De Meester et al. 2005).  They form natural habitat “islands” within an  
otherwise unsuitable habitat matrix making them spatially isolated, whilst temporary 
ponds also experience temporal isolation (Ripley and Simovich 2004).  The pond 
community may therefore be influenced by the effects of pond size and isolation 
(Bronmark 1985) and provide a natural experimental system for the study of 
metapopulation theory.  There exist a number of studies which have investigated the 
influence of isolation and habitat area on the biota of ponds both in Europe (Oertli et al. 
2002, Gascon et al. 2009, Bagella et al. 2010) and in the UK (Jeffries 1998, 
McAbendroth 2004).  However, no equivalent information exists for UK ponds in an 
upland setting. 
 
A major challenge in analysing diversity patterns is the task of measuring species 
richness.  This is not a straightforward task and has been much deliberated upon in the 
literature (Colwell and Coddington 1994, Gotelli and Colwell 2001).  A complete 
inventory of the species in a habitat is thought to be unattainable except in very 
depauperate systems, or in scenarios where the taxa under study are sessile (e.g. plants) 
or are large territorial vertebrates (Colwell and Coddington 1994).  The task becomes 
increasingly difficult in hyper-diverse regions such as the tropics or when dealing with 
small and mobile organisms such as invertebrates (Magurran 2004).  This is true of 
ponds due to the presence of numerous mobile swimming taxa, whilst habitat 
complexity reduces the detectability of species making compilation of a complete 
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inventory difficult (Foggo et al. 2003b).  Estimation of total species richness must 
therefore be based on information collected in samples (Colwell 2009) either through 
the curve fitting methods of extrapolation, or non-parametric richness estimators 
(Colwell and Coddington 1994, Magurran 2004).  Several comparative tests of species 
richness estimators exist, including in aquatic systems (Foggo et al. 2003a), but there is 
no general consensus on which are the best to use (Gotelli and Colwell 2001, Colwell et 
al. 2004). 
 
In terms of conservation planning, island biogeographic theory would suggest that 
conservation of the largest habitats would be the optimum way of maximising species 
richness (Simberloff and Abele 1976).  However, there has been much debate over 
whether conservation of a single large habitat is better than several small ones of 
equivalent total area: the so-called Single Large, Several Small (SLOSS) debate (Quinn 
and Harrison 1988, Fattorini 2010).  Large habitat patches can contain more 
microhabitats that will support more species and allow the persistence of species which 
require large home ranges or that are particularly sensitive to inbreeding depression 
(Quinn and Harrison 1988).  On the other hand, several small habitats can result in 
increased between pond (beta) and regional (gamma) diversity by providing 
intermediate ‘stepping stones’ between larger freshwater habitats, and by supporting 
endemic species (Williams et al. 2004).  Preservation of several small habitats also 
provides an ‘insurance policy’ should some habitats in a region befall natural disaster 
(Fattorini 2010).   
 
Previous work has shown that several small habitats can support more species than a 
single large one of the same area (e.g. Honnay et al. 1999 studying forest habitat 
patches).  However, it is accepted that there are advantages that large habitats confer 
which might make them the better option in terms of conservation (Quinn and Harrison 
1988).  For example bigger habitat patches support larger populations and therefore the 
risk of local extinction is lower than in smaller habitats (Hanski 1999).  Whether or not 
one large habitat patch or several small habitat patches will have higher richness 
depends upon the patterns of beta diversity and species nestedness in the region 
(Fattorini 2010).  If beta diversity is large then there may be more diversity amongst 
several smaller habitat patches (Heino 2011).  If the difference between the species in 
different patches is small then the overall diversity of many small patches might not 
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exceed that of a large one.  Nestedness of species between habitats (which may be 
influenced by habitat area and isolation (McAbendroth et al. 2005a)) can also influence 
whether large or small habitats are better for species diversity.  Application of the 
SLOSS principle to pond habitats has been little studied (Oertli et al. 2002).  Moreover 
it has not previously been studied in ponds which are located within a confined 
geographical area which might exhibit lower beta diversity and nestedness amongst 
ponds as a result. 
 
The main aim of this chapter is to investigate the relative roles of pond size, isolation 
and local environment on the biota of upland ponds in Radnorshire.  As a first step, a 
simple test was made to ensure that there were no strong geographical trends or 
differences among the three main hill groups supporting ponds, which could otherwise 
confound subsequent analyses. The following hypotheses were then tested: 
1). invertebrate and plant species richness increase with increasing pond size, 
2). invertebrate and plant species richness increase with decreasing isolation, and  
3). invertebrate and plant community composition is influenced by pond size and 
isolation.  In light of these results it is considered whether greater diversity is best 
supported by a single large pond or several small ponds. 
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5.2 METHODS 
 
5.2.1. Site selection 
 
Sites were selected using the methodology outlined in Section 2.2.2.  Analyses were 
carried out on the same ponds that were studied in Chapter 2. 
 
5.2.2. Biological measures 
 
Macroinvertebrates 
 
Two sets of macroinvertebrate data were used in this chapter.  Monthly 30 second 
samples were collected from 20 ponds between April 2008 and April 2009 (Chapter 4).  
No samples were collected in September, December or January resulting in a total of 10 
samples per pond.  Three ponds had lower sample numbers due to being dry on certain 
sample dates (Table 5.1).  The second set of invertebrate samples consisted of three 
minute samples from 35 ponds that were collected between April and May 2010 
(Chapter 2).  Details of the macroinvertebrate sampling methodology can be found in 
Sections 2.2.3 and 4.2.2 respectively.  Monthly, thirty second macroinvertebrate 
samples were used in the estimation of total taxonomic richness for the species-area 
analysis, as repeated sampling provides a more accurate basis for total richness 
estimates (Colwell and Coddington 1994, Magurran 2004).  Taxonomic richness of the 
three minute samples correlated with the estimates of total richness from the 30 second 
samples (r = 0.60; P<0.01; n=35) and was used to determine the influence that area, 
isolation and water chemistry had on diversity. 
 
Identification was carried out to species level wherever possible.  However, due to the 
presence of early instar specimens, certain taxa had to be recorded at the genus or 
family level (see Chapters 2 & 4).  A standard procedure was used for both the 30 
second and 3 minute samples in order to bring them to the same taxonomic resolution 
and make them comparable. 
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Macrophytes 
 
Wetland plant surveys were carried out on the same visits as macroinvertebrate samples 
in April-June 2010 (Chapter 2).  These were conducted following the National Pond 
Survey methodology which involved walking the perimeter of the pond and recording 
every separate aquatic species within the maximum winter water area (Biggs et al. 
1998).  Because ponds were shallow enough to see to the bottom this method was 
sufficient to cover all species.  Any species that could not be identified in the field were 
collected and taken back to the laboratory for later identification following Stace (1997).  
Due to variability in gross morphological features, fine leaved Starworts (Callitriche 
spp.) were only recorded to the level of genus (Landsdowne 2006) as were Charophytes.  
Macrophyte samples were collected in 39 ponds. 
 
5.2.3. Environmental variables 
 
Environmental variables recorded at the same time as the 3 minute surveys were used to 
investigate the influence of the environment on the biology of ponds.  In Chapter 3, 
Principal Components Analysis (PCA) of water chemistry data found that the first two 
principal components explained 61% of the variation in the data.  PC 1 scores were 
most strongly associated with conductivity whilst PC2 scores were associated with pH.  
These variables were therefore used as surrogates for a wider suite of chemical 
determinants.  Both pH and conductivity (µS/cm) were recorded using a VWR 
Symphony (Radnor, PA, USA) pH/conductivity meter at the same time that invertebrate 
samples were collected (Section 2.2.2.). 
 
Maximum dimensions (length (m) and width (m)) of the water surface were recorded on 
the same visit that the three minute samples were collected.  Area was calculated using 
ImageJ software (Abramoff et al. 2004, Section 3.3.2).  Pond shape was derived from 
satellite imagery (Google Inc. 2011) and scaled to the recorded length and width 
measurements and shape (taken from photographs).  The resulting shapes were digitized 
and area (m2) calculated. 
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5.2.4. Data analysis 
 
As in Chapter 4, analyses were carried out on abundance (for macroinvertebrates), 
species richness and species composition.   The latter used the site scores for the first 
axis from the Correspondence Analyses conducted on invertebrate and plant 
communities in Chapter 2. 
 
ANOVA 
 
In a first step, a simple test for differences in mean abundance, richness or 
correspondence analysis scores among the three main hills supporting ponds (Aberedw 
Hill, Llandeilo Hill and the Begwns) was carried out, using one way ANOVA in R 
version 2.8.0 (R Development Core Team 2009). This served two roles: i) to assess 
differences among the hills, which would be of interest in their own right, and ii) to 
detect the present of strong geographical trends across the study region (non-
stationarity), that might confound subsequent analysis (Cressie 1993). 
 
Non-parametric species estimation 
 
In order to assess whether there was an overall species-area relationship, taxonomic 
richness was estimated from the temporal invertebrate data for 20 ponds.  Sampling 
rarely records all of the species in an assemblage (Magurran 2004) since not all species 
are equally easy to sample, and diurnal and seasonal rhythms mean that species may be 
more prevalent at certain times than others (Southwood and Henderson 2000).  The 
estimation of total species richness is therefore the only way to get an idea of the true 
diversity.  In this study temporal species richness (10 x 30s samples) was found to be 
greater than species richness recorded from larger samples at one point in time (1 x 3 
minute samples; Table 5.1) suggesting the need for an estimate of  total species 
richness.  Richness was estimated using a non-parametric estimator, which is based on 
the classical statistical problem of estimating the true number of classes from a 
statistical population from a random sample of classifiable objects (Chao 1984, Bunge 
and Fitzpatrick 1993, Colwell and Coddington 1994).  The total species richness in a 
habitat is estimated by taking account of the number of rare species (i.e. species that 
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occur once).  Although many different non-parametric estimators exist, two of the 
incidence based measures, Chao 2 and second order Jacknife have been shown to 
perform best at low sample sizes (Chao 1984, Smith and Belle 1984, Colwell and 
Coddington 1994). Chao 2 has also been found to work well with pond communities  
(Foggo et al. (2003b), and so was adopted here.  Chao 2 is a variant of a method 
developed by Anne Chao which enables the estimation of the number of classes in a 
population based on abundance data (Chao 1984).  The incidence based method 
estimates the number of species in a sample by taking account of the distribution of 
species amongst samples: 
 
 
2
2
1
2 2Q
QSS obsChao +=  
 
Where: 
 
Sobs = the number of species in a sample 
Q1 = the number of species that occur in one sample only 
Q2 = the number of species that occur in two samples 
 
Species richness was estimated using the ‘specpool’ function in the Vegan package in R 
v2.8.0 (R Development Core Team 2009). 
 
Regression 
 
The estimated values for species richness for each of the 20 ponds were regressed on 
pond area.  Area measurements and species data were log transformed prior to analysis 
which is the standard way of plotting species area curves in analysis (Rosenzweig 
1995).  Subsequently, taxonomic richness recorded from the 3 minute samples taken at 
the full set of 35 ponds (2010 data) was correlated against area to see whether the same 
pattern was present using just the sampled richness. These data were then used in 
subsequent analysis, so that a larger sample size was available for comparison to 
environmental variables: 35 ponds versus 20 with temporal data. 
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Regression analysis of plant species richness on pond area was also carried out.  Since 
plants are sessile and the flora of ponds in this survey depauperate, it was deemed that 
measurement of total species richness would be achieved simply from walking the 
perimeter and wading across the pond (Biggs et al. 1998).  Correlation of plant species 
richness with pond area therefore only used the 2010 data (39 ponds). 
 
In order to assess which environmental factors were most important in influencing the 
biology of the ponds in the survey, stepwise regression was conducted on both 
invertebrate and macrophyte data.  Following the principle of parsimony a backward 
simplification procedure was adopted so that the final models only contained significant 
variables (Crawley 2007).  The response variables were taxonomic richness and 
taxonomic composition, in addition to abundance for invertebrates. 
 
Candidate predictors in the regression models were pond area, pH, conductivity, plant 
species richness (invertebrate analyses only) and pond isolation.  A measure of isolation 
was included to assess whether there was evidence that the dispersal of organisms 
between ponds influenced the biology as well as local environmental factors.  A 
measure of isolation for each pond was obtained using Hanski’s (1994) isolation index.: 
 
∑ −−= ijij AdIi ).exp(  
 
Where: 
dij = the distance between patches i and j in kilometres 
Aj = the area of pond j in units of 100 m2 
 
This formula takes into account the distance between the pond of interest and all other 
ponds in the vicinity as well as the surface area of the neighbouring ponds (Hanski 
1994).  In terms of response variables both invertebrate and plant taxonomic richness 
were log10 transformed prior to analysis to ensure that the results were directly 
comparable with other studies on species-area of pond invertebrate and plant 
communities (Jeffries 1998, Oertli et al. 2002).  Predictor variables that did not conform 
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to normality included area and pH (for plant analyses) and these were also log10 
transformed before analysis took place. 
 
Single Large, Several Small (SLOSS) 
 
Cumulative species area curves allow estimation of whether a single large patch 
supports greater richness than several small patches (Quinn and Harrison 1988, Honnay 
et al. 1999).  Ponds were ranked by size and two cumulative species area relationships 
calculated: 1). beginning with the largest ponds and adding successively smaller ponds, 
and 2). starting with the smallest pond and adding successively larger ponds.  In both 
cases the total species richness was plotted against the total/cumulative habitat area. 
Both curves pass through the origin and meet at a point that represents the total richness 
of all the ponds combined.  If the spatial structure of the habitat does not affect diversity 
then the curves are expected to be identical (Quinn and Harrison 1988).  If fewer larger 
ponds capture greater diversity the large to small (LTS) curve would be positioned 
above the small to large (STL) curve and vice versa. Cumulative richness curves were 
plotted for both invertebrate and plant data. 
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5.3 RESULTS 
 
No major trends in invertebrate or macrophyte communities were observed at a large 
spatial scale (hilltop scale) across the study region (Table 5.2; Fig. 5.1). Invertebrate 
abundance and species composition were not significantly different between the three 
regions within which ponds were sampled (Fig. 5.1a).  Species richness, however, was 
found to be significantly higher in Begwns ponds (Tukey’s post-hoc test: mean= 25.67 
p=0.044) compared with Aberedw ponds (mean= 15.67), but this effect was only 
marginally significant and Begwns ponds were not significantly different from 
Llandeilo ponds.  In terms of both plant species richness and composition there was no 
significant difference between regions (Fig 5.1b).  
 
5.3.1. Species-Area relationships 
 
The number of species estimated using the Chao 2 estimator was on average 41% (± 
6.37 S.E.) higher than the species richness accumulated over the 10 monthly samples 
(Table 5.1).  Estimated total richness was positively correlated with the mean pond area 
(Linear regression: t= 2.22, df=18, p=0.0391; Fig. 5.2a).  The number of undiscovered 
species that were estimated to be present did not correlate significantly with area 
(p>0.05).  This means that the number of species yet to be discovered was not 
proportional to pond size.  Taxonomic richness for invertebrates (based on the 3 minute 
sampling method) and plants were both correlated positively with area.  Plant species 
richness (Linear regression: t= 3.67, df= 36, p= 0.000792, slope= 0.48; Fig. 5.2c) 
increased with area at a greater rate to invertebrates (Linear regression: invertebrates: 
 t= 2.99, df=33, p= 0.00514, slope = 0.355; Fig. 5.2. b). 
 
5.3.2. Relationship between environmental factors, isolation and biology of ponds 
 
Results of the backward stepwise regression procedure found that for all of the 
macroinvertebrate metrics, pH and area were significant predictors of the biology (Table 
5.3; Fig. 5.3 a-c).  The amount of variation explained by the two variables was lowest 
for taxonomic richness (R2= 38%), whilst for composition and abundance, 67% and 
52% of the variation was explained respectively.  Pond isolation was not a significant 
predictor of any of the biological variables. 
 176 
 
In terms of the plant data, taxonomic richness showed a significant relationship with pH 
and area (Table 5.3; Fig 5.4).  Pond isolation was not found to be a significant 
determinant of taxonomic richness or of plant composition.  Plant composition was also 
found not to be related to any of the measured environmental variables: area, pH or 
conductivity.  
 
5.3.3. SLOSS 
 
Cumulative species-area curves were constructed for taxonomic richness of 
invertebrates and plants.  For both groups the small to large curve (STL) was positioned 
above the large to small (LTS; Figure 5.5) indicating that for any given area a set of 
small ponds held more taxa than an equivalent area of larger ponds.   
 
For macroinvertebrates, taxonomic richness from multiple small ponds was much 
higher than that for fewer, larger ponds of the same area over much of the range in 
cumulative area.  For example at a cumulative area of just over 4500m2, the LTS curve 
represented 51% of the total taxon pool, whereas the STL curve captured between 78% 
and 83% of the total invertebrate taxa (Figure 5.5a).  The largest pond had an area of 
4700m2 and a taxonomic richness of 52.  Almost the same level of taxonomic richness 
(51) was obtained from just 187m2 of pond area if the area was made up of five smaller 
ponds. 
 
Plant taxonomic richness showed a similar pattern to that of macroinvertebrates, except 
that the differences were less pronounced, with the LTS and STL curves positioned 
closer together (Figure 5.5b).  At one point the two curves intersected, indicating that at 
that area (approximately 13 000m2) plant species richness was the same regardless of 
whether the area consisted of several small ponds or only a few large ones.  For plant 
species richness, similar diversity to the largest pond could be obtained from the 
smallest 6 ponds with an equivalent area of 242m2.  This was similar to the invertebrate 
analysis, where five ponds contained almost the equivalent taxonomic richness as the 
single largest pond.  The 27 smallest ponds made up the equivalent area of the largest 
pond and contained 36% more plant taxa (Figure 5.5b). 
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5.4. DISCUSSION 
 
5.4.1. Local influences on pond biology. 
 
The relative influences of biogeographic and local environmental processes on 
biodiversity of upland ponds were assessed during this study. The first hypothesis 
predicted that invertebrate and plant species richness would increase with increasing 
pond size.  Large ponds are predicted to have a higher diversity for a number of reasons.  
They possess an increased diversity of microhabitats, greater buffering capacity against 
fluctuations in physico-chemical conditions, a lower extinction risk due to a larger 
population size and a greater influx of immigrants to colonise or reinforce existing 
populations (Lande et al. 1998, Kiflawi et al. 2003, Jocque et al. 2007a, 
Vanschoenwinkel et al. 2009). It has also been suggested that the balance between 
extinction and colonization dynamics may be different in large habitats compared with 
small ones resulting in increased richness  (Studinski and Grubbs 2007).  Previous 
studies of temporary ponds have shown area to correlate with hydroperiod another 
factor which shows relationships with species richness (Vanschoenwinkel et al. 2009).  
More permanent pools are less likely to dry out before reproductive cycles are 
completed, thereby reducing local-extinction rates and increasing the range of species 
that can inhabit the pool (Kiflawi et al. 2003). 
 
This study revealed a clear species-area relationship for both invertebrates and plants in 
upland ponds.  A positive relationship between pond area and plant richness has been 
found in many studies both abroad (Oertli et al. 2002, Rolon et al. 2008, Maltchik et al. 
2010) and in the UK (Gee et al. 1997, Jeffries 1998, Bilton et al. 2009). The slope of the 
species area relationship observed during this survey was 0.323 which was higher than 
that found for plants in other surveys (0.13, Gee et al. 1997, 0.182, Jeffries 1998, 0.071, 
Oertli et al. 2005), indicating a relatively strong area effect. 
 
In other studies, area has previously been found to correlate with plant species 
composition (Bagella et al. 2010, Capers et al. 2010), however, this was not detected in 
this study. The implication is that other factors, such as local substrate conditions, must 
explain the main gradient in plant community structure that was visible from the 
Correspondence Analysis in Chapter 4; not the factors included in the current analysis. 
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Evidence in the literature for a relationship between invertebrate richness and pond area, 
however, is equivocal.  Whilst some studies have identified species-area relationships 
(Studinski and Grubbs 2007, Bilton et al. 2009) others have only found relationships for 
certain taxa, in certain regions or at certain times of year (Oertli et al. 2002, Hall et al. 
2004, McAbendroth 2004) whilst others have found no significant relationships (Boix et 
al. 2008, Gascon et al. 2009, Maltchik et al. 2010).  The general consensus seems to be 
that these contrasting results reflect different responses to the local environment by 
different invertebrate taxa (Jeffries 2003, Bagella et al. 2010).  The slope of the 
macroinvertebrate species area relationship was lower than that obtained for plants, 
indicating a faster increase in plant diversity (per unit area of habitat) than 
macroinvertebrate diversity with area. 
 
The other environmental factor that correlated with species richness in this survey was 
pH, both for invertebrates and plants.  The importance of pH in shaping pond 
communities has been highlighted in a number of studies on both plants (Jeffries 1998, 
Capers et al. 2010) and macroinvertebrates (Nicolet et al. 2004, Ewald 2008).  In this 
study invertebrate diversity was found to be positively related to pH indicating that 
ponds with a low pH had a lower taxonomic richness.  Acidic pH (< 6) can reduce 
diversity by directly affecting physiological processes, causing increased concentration 
of toxic metals such as aluminium and by reducing the availability of minerals such as 
calcium (Guerold et al. 2000).  It also has also been shown to have negative effects on 
algal succession, which can have implications in terms of trophic interactions (Goldman 
1973).  This can preclude the existence of many species in such habitats and thus lowers 
diversity.  In this survey, pH was not found to correlate with plant community 
composition, despite the ordering of some species by apparent pH tolerance along the 
first axis of the correspondence analysis (Chapter 4).  
 
None of the other local environmental factors considered during this study were found 
to be significantly correlated with the invertebrate and plant assemblages.  Many 
studies have found conductivity to be related to variation in both plant and invertebrate 
communities (Rolon and Maltchik 2006, Boix et al. 2008, Bilton et al. 2009).  
Conductivity may not have been significant in this study due to the uniformly low 
levels of conductivity compared to other studies (Nicolet 2003, Bilton et al. 2009).  
Upland ponds in Radnorshire have characteristically low mineral concentration due to 
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the geology over which they lie and concentrations of dissolved substances may not be 
large enough to cause observed differences in biodiversity.   
 
Plant species richness was not found to be a significant predictor of any of the 
invertebrate metrics. Previous studies have found plant richness, cover and structural 
diversity to influence invertebrate community (Gee et al. 1997, Jeffries 2003, Hall et 
al. 2004, Bagella et al. 2010), whilst plant structural complexity has been shown to 
influence invertebrate diversity, abundance and body mass in other studies 
(McAbendroth et al. 2005b, Thomaz et al. 2008).  Plants can influence the invertebrate 
community structure by providing refuges and attachment sites, altering water 
chemistry through decomposition of leaf litter and by affecting predation and food 
availability (Yanoviak 1999, De Szalay and Resh 2000, Burdett and Watts 2009).  The 
fact that plant diversity was not an important factor in influencing invertebrate biology 
during the current survey may have been because the observed variation in plant 
species richness did not encompass the most relevant aspects of vegetation that 
influence invertebrate composition.  For example measures of percentage vegetation 
cover or some measure of plant density or structure may have been better determinants 
of invertebrate community composition (e.g. Sanderson et al. 2005). 
 
5.4.2. Regional influences on pond biology. 
 
The second and third hypotheses represented the possibilities that plant or invertebrate 
biology were affected by isolation from other ponds.  No relationship with isolation was 
found for either invertebrates or plants, which is in concordance with some studies on 
pond communities (Brose 2003, Jeffries 2005), but in contrast to others which have 
found measures of isolation to explain at least some of the variation in plant richness 
and community composition (Bagella et al. 2010).  In all of the cited studies, nearest 
neighbour measures such as inter pond distance were used as a measure of isolation.  
None of them incorporated additional information about the extent of surrounding 
habitat patches, which in turn may provide an estimate of the population of potential 
immigrants (Hanski 1994).  Molainen & Niemenin (2002) suggest that a failure to 
detect significant effects of isolation when using simple connectivity measures such as 
nearest neighbour measures (e.g. interpond distance) may occur because such measures 
convey no information about the presence of potenti
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direction of emigration that take place. The measure of isolation used in the current 
study attempted to address this weakness, incorporating information about the area of 
the surrounding pondscape as well as inter-pond distances (Hanski 1994).    
 
Measures of isolation that only take into account information about the extent of the 
surrounding habitat are called structural isolation measures (Muhlner et al. 2010).  The 
best measures of isolation (or connectivity) are functional connectivity measures which 
include information on the immigration and emigration of species (Moilanen and 
Nieminen 2002).  However, reliable estimates of these parameters are only available for 
taxa for which there is extensive mark-recapture data, such as butterflies (Hanski et al. 
2000).  This limits their use in freshwater systems for which detailed immigration and 
emigration information is scant and for practical reasons may be limited to larger  
species (Davy-Bowker 2002, Nagy et al. 2011).  An alternative approach may be to use 
molecular analysis of pond taxa to infer dispersal rates (e.g. Keller et al. 2010) but 
relatively few studies have explored this possibility. 
 
Isolation may have little or no effect on invertebrates among the Radnorshire pools as 
most species found were highly mobile taxa that are active dispersers (Bilton et al. 
2001).  In addition, the ponds were numerous on the tops of the three core hills.  
Although overall mean inter-pond distance was 7.04 km, within the hills, average 
interpond distance ranged from 0.68 km on the Begwns to 3.25 km on Llandeilo Hill.  
Such distances between ponds may not be sufficient to greatly restrict movement of 
individuals, particularly when taking into account the dispersal abilities of many pond 
taxa.  Conversely, Sanderson (2005) found that isolation effects only occurred over 
short scales (< 200m) although this might have been as a result of the habitat 
preferences of the species.  In the current study the distance between most ponds may 
have been too great to observe such small scale colonisation effects other than random 
ones. 
 
An alternative possibility is that synoptic measures of overall invertebrate or plant 
communities (e.g. richness, ordination scores) may disguise variation in isolation effects 
among individual taxa (Jeffries 2003, Bagella et al. 2010).  Analyses on species with 
contrasting life histories and dispersal abilities might have found different results.  For 
example weak, or passive dispersers, such as the fairy shrimp (Chirocephalus 
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diaphanus), could be compared with more active dispersers such as Dytiscid water 
beetles and Hemiptera (Savage 1989, Nilsson and Holmen 1995). A generic problem, 
however, is that if dispersal is limiting the prevalence of species with weak dispersal 
abilities (restricting them to only a few ponds e.g. Chirocephalus), then the power to 
detect isolation effects will itself be very weak.  This is the reason why this was not 
explored further in this study. 
 
Other regional/geographical features that have previously been shown to influence 
biodiversity are landscape features such as land use and land type.  Landscape intensity 
has been shown to influence species richness (Brose 2003).  The land use and landscape 
structure across the Radnorshire study region is broadly similar and so this is not 
thought to be an important aspect in considering what influences the biology of ponds. 
 
5.4.3. Conservation of ponds and the SLOSS debate 
 
The positive relationship between species richness and area has often led to the view 
that creation or protection of large habitat patches will be more beneficial than the 
equivalent area of smaller habitat patches; the ‘bigger is better’ rule (Fattorini 2010).  
However, other studies contributing to the SLOSS (Single Large or Several Small) 
debate have found that many smaller habitat patches can conserve more biodiversity 
than a single large one (Quinn and Harrison 1988, Honnay et al. 1999, Oertli et al. 
2002).  This was found to be the case in the current study, with greater taxonomic 
richness contained across many small ponds than in a large pond amounting to the same 
area.  This demonstrates the importance of considering both within-pond (alpha) and 
among-ponds (beta) diversity, alongside species area relationships, in order to conserve 
regional (gamma) diversity (Oertli et al. 2002).  When it comes to protection of ponds 
or creation of new ponds as part of a conservation scheme it would appear that several 
small ponds would be the best for maximising diversity.  There are other benefits to 
creating several small habitats as opposed to one large one.  In the case of unforeseen 
circumstances such as extreme weather events or introduction of invasive species or 
pathogens, the presence of multiple habitats acts as an insurance policy reducing the risk 
that all habitat patches will be affected (Fattorini 2010).  This risk-spreading aspect may 
be an important part of temporary pondscapes. The presence of many ponds, including 
ponds of different hydroperiods, means that when small shallow ponds dry out a 
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number of ponds will remain as refuge for certain species and so regional diversity is 
not lost. 
 
The data collected for the current study found that the richness of the single largest pond 
was equal to five of the smallest ponds for invertebrates and six for plants.  Whilst these 
numbers are not impractical for habitat creation, in other contexts the number of 
separate patches can be very large and it may not be feasible to create them within the 
financial or planning confines of a conservation project (Fattorini 2010).  Whilst many 
ponds might be better for conservation, the cost, effort and space needed to create 
enough small ponds to equate the biodiversity of a single large one needs to be 
considered.  It is also important to note that despite containing lower taxonomic 
richness compared with many smaller ponds, large ponds might contain unique species 
which are not found in their smaller counterparts (Oertli et al. 2002).  This is one of the 
caveats to the basic SLOSS analysis conducted here in that only cumulative taxonomic 
richness was considered, with no consideration of the conservation status of individual 
taxa.  For example, large ponds might support species which are not present in smaller 
habitats, making an important contribution to regional (gamma) diversity.  In the current 
study, the largest two ponds supported seven macroinvertebrate species that were not 
present in any other ponds.  This supports the view that a group of smaller ponds had 
larger cumulative species richness, large ponds can have a distinctive fauna that is 
important in a conservation context. 
 
Finally, species that occur in large ponds will generally have larger populations, making 
them less sensitive to extinction events (Hanski 1998).  It can be argued, therefore, that 
the loss of large habitat patches can have important implications for regional diversity.  
It is important to be clear about the central goal of a conservation strategy i.e. 
conservation of maximum taxonomic richness or conservation of certain species or 
assemblages that only exist in certain types of ponds.  In the context of this survey, if 
the creation or conservation of ponds is the goal of a project then several small would 
seem to be the most beneficial to overall taxonomic richness, however the benefit of this 
to taxonomic robustness needs to be explored further. 
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5.5. TABLES & FIGURES 
 
Table 5.1 – Taxonomic richness (TR) and the number of taxa estimated using the Chao 
2 non-parametric estimator.  n= the number of temporal samples used in estimating 
species richness.  Percentage difference represents the differences between TR for 
temporal samples and Chao estimates. 
 
 
Pond 3 Minute Samples Temporal Samples n Chao Chao.SE % difference 
1 11 20 10 23 3.66 15.63 
2 16 22 9 27 4.24 20.78 
3 13 28 10 34 6.08 21.88 
4 8 18 10 22 3.85 20.00 
5 22 23 10 29 6.48 26.09 
6 28 33 10 47 9.90 42.42 
7 28 41 10 50 6.80 22.90 
8 8 15 6 32 14.84 111.11 
9 22 31 10 41 9.02 32.66 
10 27 32 10 60 23.17 88.02 
11 15 29 9 47 14.39 62.07 
12 18 32 10 57 24.24 78.13 
13 13 24 10 35 10.27 44.44 
14 8 25 10 31 5.92 25.60 
15 13 31 10 55 20.20 77.42 
16 23 22 10 27 4.80 20.45 
17 15 20 10 25 4.80 22.50 
18 18 24 10 27 2.96 10.42 
19 27 34 10 40 5.04 17.02 
20 35 42 10 65 16.09 53.57 
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Table 5.2. – Results from ANOVA of taxonomic richness between the three regions 
Aberedw Hill (n = 17), Begwns (n = 3) and Llandeilo Hill (n = 12). Degrees of freedom 
= 2 for each test. Significant result is shown in bold type. 
 
INVERTS F statistic P value Tukey post-hoc test P value 
Taxonomic 
Richness 
4.43 0.021 
BEG - 
ABEREDW 
0.044 
Composition 0.534 0.588   
Abundance 1.600 0.219   
PLANTS 
    
Taxonomic 
Richness 
1.074 0.354   
Composition 0.232 0.794   
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Figure 5.1. – Maps of taxonomic richness across the core study regions Aberedw Hill 
(n = 17), Begwns (n = 3) and Llandeilo Hill (n = 12). Symbol diameter is proportional 
to richness.  Maps produced in ArcGIS, version 9.2 (ESRI, Redlands, CA, USA). 
 
a). Invertebrate richness 
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b). Plant richness  
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Figure 5.2. – Relationship between pond area and taxonomic richness for:  a). estimated 
total species richness of 20 ponds; b). invertebrate richness from 3 minute samples 
taken from 35 ponds in April-June 2010; c) plant species richness from 39.  Pond area 
and richness were logarithmically transformed prior to analysis 
 
a)  
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c). Plants 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.3. – Multiple linear regressions results for invertebrate and plant metrics in 
relation to local variables and pond isolation.  Adjusted r2 values are shown. 
 
INVERTEBRATES r2 df  T statistic P value 
Area 2.492 0.01807 Taxonomic Richness 0.38 32 
pH 2.872 0.00718 
Area -3.904 0.000459 Composition 0.67 32 
pH -5.604 3.42E-06 
Area 2.346 0.0253 Abundance   0.512 32 
pH 4.467 9.27E-05 
PLANTS      
Area 0.3230 0.01465 Taxonomic Richness 0.39 35 
pH 3.9764 0.00193 
Composition NS 35    
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Figure 5.3. – Univariate relationships between pond area, pH, isolation and different 
measures of macroinvertebrate assemblages: a) Taxonomic richness, b). Species 
composition, c). Abundance.  Taxonomic richness and area log10 transformed. 
a). Taxonomic Richness   
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b). Species composition 
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c). Abundance    
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Figure 5.4. – Univariate relationships between area, pH and taxonomic richness plants.  
Taxonomic richness and area
 
are loge transformed. 
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Figure 5.5 – SLOSS analysis.  Relationships between cumulative area (m2) and 
cumulative taxonomic richness for a) invertebrates (n=35) and b). plants (n=39).  Ponds 
are ranked from largest to smallest and smallest to largest. 
a). 
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6: GENERAL DISCUSSION 
 
6.1 SYNTHESIS 
 
This study revealed the physical and biological characteristics of a little-known upland 
pond habitat located in Radnorshire, Wales.  The first aim was to characterise the fauna 
and flora of nearly 40 ponds, assess the prevalence of species with conservation 
designations, and to look at the relationships between temporary ponds in Radnorshire 
and elsewhere in the UK (Chapter 2).  Most taxa were characteristic of oligotrophic, 
acidic, heathland pools, and the main biological variations among ponds were 
interpreted to reflect gradients in pH and water permanence.  The conservation value 
was similar to other temporary ponds in England and Wales based on the Species Rarity 
Index, and the ponds supported at least two Red Data Book and three nationally scarce 
species.  Both the macrophyte and macroinvertebrate communities were a distinctive 
subset of those in temporary ponds nationally, showing some affinity with other ponds 
located in the western half of the UK. 
 
Considering the importance of temporal variability in defining temporary ponds, and the 
extent to which specialised taxa and communities are thought to depend on their 
dynamics, relatively little research has been carried out to characterise the temporal 
variability of the physical environment (see Bonner et al. 1997, Angelibert et al. 2004).  
Chapter 3 addressed this directly, with one of the most detailed studies so far carried out 
on the temporal variability in pond hydrology and water chemistry.  This revealed how 
dynamic the Radnorshire pools are, with water levels rising rapidly in response to 
rainfall and large variations in water levels and chemistry through the year.  The 
intimate link between hydrology and chemistry was revealed, with evidence of both 
rainwater dilution and concentration of chemical constituents through evaporation.  
From a management perspective, it was encouraging to see that the volume of ponds 
was predictable from local weather data.  Such a technique could be utilised to consider 
the fate of such ponds with regards to future climate change effects.  For example, if the 
climate was to get progressively drier and temporary upland ponds in Radnorshire were 
predicted to dry up altogether, then carefully planned pond creation of deeper ponds 
could be carried out in order to continue to provide habitat for temporary pond 
specialists such as the fairy shrimp.  Since water chemistry was shown to vary 
 202 
predictably with volume there is also scope to use such models to predict such changes 
in the local abiotic environment in relation to forecasted climate change. 
 
Macroinvertebrate population sizes varied greatly over a year of monthly observations 
(Chapter 4), yet the assemblage of species present showed relatively little change. This 
change in population size did not appear to be related to abiotic factors within the study 
year, and it was postulated that it reflected longer term, multi-year variation, with a very 
dry year immediately before the study commenced. Seasonal variation was also 
apparent and simply an effect of the life histories of different taxa.  Some pond species 
only utilise the pond habitat for breeding and it was these species that tended to show 
the greatest fluctuations (Chapter 4).  Other life history traits such as hibernation or 
aestivation can also contribute to observed seasonality in pond invertebrates (Dietz-
Brantley et al. 2002).  The seasonality in abundance and richness of certain taxa 
supports the recommendation of prioritising a spring or autumn sampling period. 
 
Chapter 5 examined models of variation in macroinvertebrate and macrophyte 
communities among ponds.  Simple models explained around 40-70% of the variance in 
richness, abundance and composition of invertebrates and richness of plants.  Species-
area relationships were evident for both groups, whilst the importance of pH in 
explaining among-pond variation (Chapter 2) was confirmed.  There was no evidence of 
isolation affecting pond communities, suggesting that the distance between the 
Radnorshire ponds does not limit dispersal of invertebrates between them.  In spite of 
the species-area effects, groups of small ponds supported greater diversity than fewer 
large ponds of the same area, highlighting the role of beta diversity and the importance 
of conserving groups of ponds, although some species were only found in the largest 
ponds (Oertli et al. 2002). 
 
The findings of the four empirical chapters should add substantially to the 
understanding of temporary ponds in the UK (Nicolet 2003, McAbendroth 2004) in 
particular extending it to temporary ponds in upland and western locations.  In so doing, 
they raise several important issues, four of which are discussed below: 
1. Are Radnorshire pools strictly ‘temporary’? 
2. How should temporary ponds be classified in the UK? 
3. What is the conservation status of the Radnorshire ponds?  
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4. What future threats do they face? 
 
 
Are upland ponds in Radnorshire truly temporary? 
 
Williams (1997) defined temporary ponds as ‘still water bodies which have a recurrent 
dry phase’ and recognised two types.  The first was ‘intermittent ponds’ which contain 
water in recognisably cyclic patterns and have a dry phase which is more or less 
predictable.  The second type was ‘episodic waters’ which dry out on a more 
unpredictable basis, linked to vagaries in local climate.  During the period of the current 
study, the more temporary upland ponds within Radnorshire seemed to fit into this 
second type.  Jocque et al. (2007) also recognised that the term “temporary pool” could 
encompass all standing water bodies experiencing periodic drought and therefore could 
include the majority of ponds.  Within these broad definitions, large differences in 
community composition and dynamics exist which are related to the length of 
inundation.  It is therefore important to recognise that ponds fall along a continuum of 
hydroperiod if a full understanding of the habitat is to be achieved.  In the last two 
decades there has been a lot of interest in temporary ponds particularly in Europe 
(Cereghino et al. 2008), but also in Africa (Vanschoenwinkel et al. 2009) and in the 
USA (Brooks 2000).  However, relatively few of these studies deal with a hydroperiod 
gradient (e.g. Wellborn et al. 1996, Tarr et al. 2005), instead focussing on the distinction 
between temporary and permanent ponds (Collinson et al. 1995).  This simplification 
could be overlooking an important source of biological variation.  
 
One of the striking features of the upland ponds in Radnorshire is their shallow nature, 
which is likely to increase the chances of ponds drying out during periods of little or no 
rainfall.  This is especially important considering the importance of evaporation in 
determining water depth (hydrological model, Chapter 3).  Despite this only four ponds 
dried out completely during the course of the temporal survey and only for short periods 
of time, despite water levels dropping rapidly in other ponds during dry weather. This 
suggests that the frequency and duration of rainfall events in the region were sufficient 
to maintain standing water throughout most of the year. This may be a delicate balance, 
in which geographical effects are key: Radnorshire is located in the rain shadow of the 
Cambrian Mountains which means that there is insufficient precipitation to sustain 
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blanket bog which occurs to the west (Figure 1.2, Slater et al. 1991).  These conditions 
almost certainly contribute to the shallow and fluctuating characteristics of these ponds, 
which would probably be further along the continuum towards permanence, were they 
in a region of higher rainfall.  If so, this would support the designation of the region as 
an Important Area for Ponds, based on the presence of a specific climate (Nicolet et al. 
2007).    
 
The results from this study indicate that upland ponds in Radnorshire encompass a 
range of hydroperiods, from intermittent ponds which might dry out on multiple 
occasions through the year, to those which retained water throughout the course of the 
study.  Williams’ classification described a temporary pond type based on episodic 
waters that dry out on a more unpredictable basis, linked to vagaries in local climate.  
This could be seen from the abiotic results in which some ponds dried whilst other did 
not (Fig 3.4) and also in the flora and fauna of the region which consisted of both 
temporary pond specialists such as Pilularia globulifera, Litorella uniflora and 
Chirocephalus diaphanus in some ponds, and inhabitants typical of more permanent 
water bodies, such as some species of Trichoptera and Odonata, in some of the other 
ponds (Chapter 2).  Collectively, the range of hydroperiods displayed means that there 
is a large amount of habitat heterogeneity among the Radnorshire ponds.  Many more 
niches may therefore be present which different freshwater invertebrates can exploit, 
ultimately increasing gamma diversity.  The spatial distribution of ponds in the region 
and their connectedness forms a ‘pondscape’ (Boothby 1997) which provides an 
important freshwater resource supporting temporary pond specialists and permanent 
species side by side within the landscape. 
 
Do Radnorshire ponds form part of a distinct ‘western pools’ grouping?   
 
Classification of the invertebrate and plant communities of the ponds in this study 
revealed them to show affinities to a small number of temporary ponds in other regions 
of the UK.  The ponds with which they showed the greatest affinity were almost all 
located within the western half of the UK: TWINSPAN grouped temporary ponds in 
Cornwall, Devon, Hampshire and Cumbria with the Radnorshire pools, and these 
‘western pools’ diverged from other pools in the UK at the first TWINSPAN division.  
This grouping was indicative of the presence of a characteristic flora and fauna shared 
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by these ponds and most of these species were typical of acidic, low nutrient, heathland 
habitats.  This was akin to the result that Nicolet (2003) obtained from classification 
with the same National Data (not including the Radnorshire ponds from this survey).  
Along the first division, ponds separated out into alkaline, clay based ponds in the east 
and acidic, heathland ponds in Wales and western England.  Bilton et al. (2009) carried 
out a similar comparison to Chapter 2 using the same National Data in addition to a 
dataset of ponds from the New Forest and The Lizard, Cornwall.  Their findings were 
also similar: that New Forest and Lizard ponds cluster with western oceanic heathland 
sites.  The data from this PhD add to Nicolet and Bilton’s initial findings giving more 
weight to the idea that a ‘western type’ of temporary pond exists in the UK.   
 
Several factors may act to create the distinct conditions between the two main groups of 
ponds identified during TWINSPAN.  The most obvious and probably the main driving 
cause is climate.  The western half of Britain receives more precipitation due to weather 
systems coming in off the Atlantic Ocean carried on the prevailing winds.  This could 
have led to temporary ponds in this part of the UK being at the more permanent end of 
the hydroperiod spectrum and therefore containing biotic assemblages that reflect this.  
The average hydroperiod rating of National ponds in the ‘western’ TWINSPAN 
grouping was slightly lower (more permanent, 3.5) than the remaining National Ponds 
(3.67), although this was not significant. A more detailed analysis of the relationships 
between climate and the TWINSPAN groups may shed further light on the roles of 
climate and hydroperiod in the biogeographical relationships among UK temporary 
ponds. 
 
The mechanism by which increased precipitation influences temporary pond 
communities may extend beyond direct effects on the hydroperiod. Increased 
precipitation in the western UK means that acid, heathland habitats are common due to 
the leaching of minerals from the soil (Fielding and Haworth 1999), and landscape 
effects in the catchment can in turn have important influences on the biotic assemblages 
of freshwater habitats (Heino 2011).  pH can shape macroinvertebrate and plant 
communities (Nicolet et al. 2004, Capers et al. 2010, Chapter 5) and so the acidic 
conditions of these western, upland habitats may help to explain the distinctive pond 
communities.  In addition, the low nutrient conditions may select for specially adapted 
 206 
plant species, potentially accounting for the specialist plant communities (Proctor 
2009).   
 
It is worth noting that many of the ponds in western Britain are located at higher 
altitudes, and this was found to be the case in Chapter 2 with the National Ponds that 
grouped with Radnorshire ponds located at significantly higher altitudes than the 
remaining National ponds.  Aside from promoting higher precipitation, higher 
elevations may promote lower water temperatures and increased frequency/extent of 
freezing in winter, although the oceanic climate of western Britain may act to ameliorate 
this (Vellinga and Wood 2002). This issue has received little attention in the pond 
literature  
 
Conservation Value of the Radnorshire Ponds – Biodiversity Resource 
 
This study has demonstrated that upland ponds in Radnorshire provide a distinctive 
abiotic environment for many freshwater taxa. Due to the number of ponds (>80) and 
the range of hydroperiods, water chemistry and other conditions, many more niches will 
be present which increases the regional diversity and hence the chance that there will be 
rare species present.  The ‘Species Rarity Index’ of ponds in the region was comparable 
to that found for temporary ponds in a wider UK context (Nicolet 2003).  Despite this, 
Radnorshire ponds currently have no official conservation status.  It is only within the 
last few years that the conservation value of pond habitats in the UK has been 
recognised (Biodiversity Reporting and Information Group 2008).  Before this ponds 
only received conservation recognition if they contained protected species or if they fell 
under a wider habitat designation.  Within Radnorshire this meant that the only ponds 
officially protected were those located within the Maelienydd or Llandeilo, Rhulen and 
Llanbedr Hills SSSIs (Fig 1.2), or ponds that contained C. diaphanus or P. globulifera; 
but even then information on the distribution and extent of these was scant.  This is in 
contrast to continental Europe where the recognition of Mediterranean Temporary 
Ponds (MTPs, SAC: 3120) has meant that there is a greater recognition and more 
funding available for the characterisation of these pond habitats, and – critically – a high 
level of protection under the EU Habitats Directive (Council Directive 1992). 
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Disparity in the methods that describe vegetation within the UK and in Europe means 
that there has been confusion over whether MTPs exist within the UK (McAbendroth 
2004).  Individual countries have the freedom to interpret the Habitats Directive 
categories in order to make them relevant to their particular countries (McLeod et al. 
2002).  In the UK the definition of MTPs has been extended to include ponds that 
support Ranunculus tripartitus, a strictly temporary pond plant that is also a biodiversity 
action plan (BAP) species in the UK.  This country specific definition has been revised 
further to include particularly ephemeral sites that are dominated by rushes, grasses and 
annuals.  Revised MTP indicator species include Agrostis stolonifera, Juncus 
articulatus, Juncus bufonius, Potentilla anserina, Ranunculus repens, Chamaemelum 
nobile.  Other species which have high constancy for MTPs include Glyceria fluitans, 
Ranunculus flammula and Holcus lanatus.  The only site in the UK currently recognised 
as having MTPs is the Lizard in Cornwall, although a number of ponds in the New 
Forest are recognised as having some similarities.  Whilst upland ponds in Radnorshire 
contain a few of these species, it is important to note that the definition of MTPs is 
based on an assemblage level classification rather than individual species (Joint Nature 
Conservation Committe 2008), and so it is unlikely that the UK MTP definition would 
apply to the ponds in Radnorshire.  Nevertheless, the presence of some of these species 
in Radnorshire suggests that there could be a continuum of such ponds that extends up 
the western half of the UK, including those ponds in the National Data which were 
found to cluster with ponds in this survey.  The fact that many temporary ponds exist in 
the UK suggests that a native classification of temporary ponds is overdue and might be 
useful in terms of raising the profile of UK temporary ponds, as well as hopefully 
attracting greater research and management effort, and legislative protection.  Having a 
unified habitat selection procedure that recognises specific types of pond will make it 
easier to apply conservation strategies that are best suited to that particular habitat. 
 
Future prospects for the Radnorshire ponds 
 
One of the main threats facing many habitats globally is anthropogenic climate change  
(Root et al. 2003).  Precipitation patterns and temperatures are predicted to change in 
the UK under different climate change scenarios (UK Climate Projections 2009).  This 
PhD has found that there exists a delicate balance between precipitation and evaporation 
events in shallow ponds that have no external hydrological connection.  The most 
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conservative predictions for Wales suggest that on average precipitation is likely to 
increase by 5% in the winter and decrease by 6% in the summer (UK Climate 
Projections 2009).  Temperatures could rise by up to 2.8 ºC in the summer under the 
most severe projections (UK Climate Projections 2009).  Both of these outcomes could 
greatly change the hydrology of ponds in mid-Wales.  Increased evaporation rates and 
reduced precipitation in the summer could see a reduction in the hydroperiod of many of 
these ponds.  This could upset the hydroperiod gradient with all but the largest and most 
permanent ponds becoming temporary.  Whilst this might benefit some of the obligate 
temporary pond species, many species others could be negatively affected.  A key 
feature of the Radnorshire pools is the range of hydroperiods within which species of 
many different life histories thrive, contributing to the regional diversity.  By reducing 
the heterogeneity of the overall pondscape the regional diversity could fall.  This 
highlights the importance of the development of such tools as hydrological models so 
that the outcomes of different climate change scenarios can be properly assessed and 
possible measures can be taken to lessen the impact that their loss would have 
(Dimitriou et al. 1999). 
 
Other forms of environmental change could also affect ponds.  Changing agricultural 
and management practises mean that the way that landscapes are maintained might 
change, altering the ecosystems within them.  Upland ponds in Radnorshire are located 
on common land which is managed by Grazing Associations.  Graziers enter into an 
agreement whereby they receive grant payments in return for adhering to rules about the 
intensity of grazing (Finance Act 1993).  Continuity of grazing is essential both in terms 
of maintaining habitat and the dung that is created.  Puddling caused by livestock is 
beneficial for P. globulifera which thrives in disturbed habitats where more competitive 
species are excluded (Scott et al. 1999).  This microhabitat also provides perfect 
conditions for some species of Hydroporus beetles.  Addition of dung to ponds can 
generate an important food source by providing bacteria and protozoa for filter feeders 
such as C. diaphanus (Bratton and Fryer 1990).  Grazing also helps to maintain an open 
and unshaded habitat which can be essential for beetle communities since few beetle 
species are associated with overgrown ponds (Balfour-Browne 1958).  Upland pastoral 
farming is declining as the financial benefits dwindle and associated costs and 
administrative burdens increase, such as the recent introduction of identification 
documents for individual feral ponies, many of which graze the Radnorshire commons 
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(National Assembly for Wales 2009).  Such changes to land use practices could cause 
an important reduction in grazing pressure, and in turn affect the future of the temporary 
ponds. 
 
Future Work 
 
In order to expand on the findings of this PhD a number of recommendations are made.  
This work focussed on the effects of local and regional processes on pond communities 
as a whole.  Individual pond taxa have idiosyncratic responses to different 
environmental factors such as area or hydroperiod (Jeffries 2003).  Similarly, regional 
processes that shape communities, such as dispersal, will be different for active and 
passive dispersers.  Looking at individual taxa in greater detail might reveal patterns 
that were overlooked at the community level, and in turn help to better inform 
conservation of these habitats.  
 
The temporal work (Chapter 4) indicated that the patterns in abundance of invertebrates 
appeared to be part of a longer term trend.  Longer term surveys are now required to 
investigate temporal patterns that occur over several years or more, such as those 
associated with the North Atlantic Oscillation, can be properly understood (Jeffries 
2011).  A longer term focus would also permit better characterisation of the 
hydroperiod, capturing drying events that occur at low frequencies (>>12 months).   
 
Temperature was not considered in this study due to time constraints, but is well known 
to affect the development of invertebrates.  Whilst the evidence to link water volume to 
seasonal changes in invertebrates was equivocal, temperature may well be key to 
synchronising development.  Including water temperature in future temporal studies 
should be a priority, both in explaining seasonal variations and attempting to predict the 
effects of climate change on pond communities. 
 
Finally, the western grouping of ponds that emerged from the work in Chapter 4 was a 
similar result to that found when local concentrations of ponds in the New Forest and in 
Cornwall were compared to the National Data (Nicolet 2003, Bilton et al. 2009).  The 
overlap of biotic assemblages in these three datasets backs up the argument for 
recognition of a western type of ponds in the UK.  A valuable next step would be to 
 210 
compare data from Radnorshire ponds with the extensive New Forest and Cornwall data 
of Bilton et al. (2009) to see how they relate to western pools.  This could be done, 
based on the approach used in this PhD, in order to assess whether a western pool 
grouping can actually be identified. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 211 
6.2. REFERENCES 
 
Angelibert, S., P. Marty, R. Cereghino, and N. Giani. 2004. Seasonal variations in the 
physical and chemical characteristics of ponds: implications for biodiversity 
conservation. Aquatic Conservation: Marine and Freshwater Ecosystems 
14:439-456. 
Balfour-Browne, F. 1958. British Water Beetles. The Ray Society, London. 
Bilton, D. T., L. C. McAbendroth, P. Nicolet, A. Bedford, S. D. Rundle, A. Foggo, and 
P. M. Ramsay. 2009. Ecology and conservation status of temporary and 
fluctuating ponds in two areas of southern England. Aquatic Conservation: 
Marine and Freshwater Ecosystems 19:134-146. 
Biodiversity Reporting and Information Group. 2008. UK Biodiversity Action Plan: 
Priority Habitat Descriptions [Online]. UK Biodiversity Partnership. 
Bonner, L. A., W. J. Diehl, and R. Altig. 1997. Physical, chemical and biological 
dynamics of five temporary dystrophic forest pools in central Mississippi. 
Hydrobiologia 353:77-89. 
Boothby, J. 1997. Pond Conservation: towards a delineation of pondscape. Aquatic 
Conservation: Marine and Freshwater Ecosystems 7:127-132. 
Bratton, J. H., and G. Fryer. 1990. The distribution and ecology of Chirocephalus 
diaphanus Prevost (Branchiopoda: Anostraca) in Britain. Journal of Natural 
History 24:955-964. 
Brooks, R. T. 2000. Annual and seasonal variation and the effects of hydroperiod on 
benthic macroinvertebrates of seasonal forest ("Vernal") ponds in central 
Massachusetts, USA. Wetlands 20:707-715. 
Capers, R. S., R. Selsky, and G. J. Bugbee. 2010. The relative importance of local 
conditions and regional processes in structuring aquatic plant communities. 
Freshwater Biology 55:952-966. 
Cereghino, R., J. Biggs, B. Oertli, and S. Declerck. 2008. The ecology of European 
ponds: defining the characteristics of a neglected freshwater habitat. 
Hydrobiologia 597:1-6. 
Collinson, N. H., J. Biggs, A. Corfield, M. J. Hodson, D. Walker, M. Whitfield, and P. 
J. Williams. 1995. Temporary and permanent ponds: An assessment of the 
effects of drying out on the conservation value of aquatic macroinvertebrate 
communities. Biological Conservation 74:125-133. 
 212 
Council Directive. 1992. 9s/43/EEC on the conservation of natural habitats in the wild. 
Dietz-Brantley, S. E., B. E. Taylor, D. P. Batzer, and A. E. DeBiase. 2002. Invertebrates 
that aestivate in dry basins of Carolina Bay wetlands. Wetlands 22:767-755. 
Dimitriou, E., E. Moussoulis, F. Stamati, and N. Nikolaidis. 1999. Modelling 
hydrological characteristics of Mediterranean Temporary Ponds and potential 
impacts from climate change. Hydrobiologia 634:195-208. 
Finance Act. 1993. Section 86(2) (Single Payment Scheme). 
Heino, J. 2011. A macroecological perspective of diversity patterns in the freshwater 
realm. Freshwater Biology 56:1703-1722. 
Jeffries, M. J. 2003. Idiosyncratic relationships between pond invertebrates and 
environmental, temporal and patch-specific predictors of incidence. Ecography 
26:311-324. 
Jeffries, M. J. 2011. The temporal dynamics of temporary pond macroinvertebrate 
communities over a 10-year period. Hydrobiologia 661:391-405. 
Jocque, M., B. J. Riddoch, and L. Brendonck. 2007. Successional phases and species 
replacements in freshwater rock pools: towards a biological definition of 
ephemeral systems. Freshwater Biology 52:1734-1744. 
Joint Nature Conservation Committe. 2008. Special Areas of Conservation: Habitats 
Accounts: Freshwater Habitats: 3170 Mediterranean temporary ponds. JNCC, 
Peterborough. 
McAbendroth, L. 2004. Ecology and Conservation of Mediterranean Temporary Ponds 
in the UK. PhD. University of Plymouth, Plymouth. 
McLeod, C. R., M. Yeo, A. E. Brown, A. J. Burn, J. J. Hopkins, and S. F. Way. 2002. 
The Habitats Directive: selection of Special Areas of Conservation in the UK., 
Joint Nature Conservation Committe, Peterborough. 
National Assembly for Wales. 2009. The Equine Identification (Wales) Regulations. 
Nicolet, P. 2003. The classification and conservation value of wetland plant and 
macroinvertebrate assemblages in temporary ponds in England and Wales. PhD. 
Oxford Brookes University, Oxford. 
Nicolet, P., J. Biggs, G. Fox, M. J. Hodson, C. Reynolds, M. Whitfield, and P. 
Williams. 2004. The wetland plant and macroinvertebrate assemblages of 
temporary ponds in England and Wales. Biological Conservation 120:261-278. 
 213 
Nicolet, P., A. Weatherby, J. Biggs, P. Williams, and T. Hatton-Ellis. 2007. A 
preliminary assessment of Important Areas for Ponds (IAPs) in Wales. Pond 
Conservation. 
Oertli, B., D. A. Joye, E. Castella, R. Juge, D. Cambin, and J.-B. Lachavanne. 2002. 
Does Size Matter?  The Relationship Between Pond Area and Biodiversity. 
Biological Conservation 104:59-70. 
Proctor, M. C. F. 2009. Temporal variation in the surface-water chemistry of a blanket 
bog on Dartmoor, southwest England: analysis of 5 years' data. European journal 
of soil science 57. 
Root, T. L., J. T. Price, K. R. Hall, S. H. Schneider, C. Rosenzweig, and J. A. Pounds. 
2003. Fingerprints of global warming on wild animals and plants. Nature 
421:57-60. 
Scott, M., S. Scott, and C. Sydes. 1999. A Scottish perspective on the conservation of 
Pillwort. British Wildlife 10:297-302. 
Slater, F. M., A. Hemsley, and D. M. Wilkinson. 1991. A new sub-association of the 
Pilularietum globuliferae Tuxen 1955 in upland pools in the mid-Wye catchment 
of central Wales. Vegetatio 96:127-136. 
Tarr, T. L., M. J. Baber, and K. J. Babbitt. 2005. Macroinvertebrate community 
structure across a wetland hydroperiod gradient in southern New Hampshire, 
USA. Wetlands Ecology and Management 13:321-334. 
UK Climate Projections. 2009. UK climate projections 2009. 
Vanschoenwinkel, B., A. Hulsman, E. De Roeck, C. De Vries, M. Seaman, and L. 
Brendonck. 2009. Community structure in temporary freshwater pools: 
disentangling the effects of habitat size and hydroregime. Freshwater Biology 
54:1487-1500. 
Vellinga, M., and R. A. Wood. 2002. Global climatic impacts of a collapse of the 
Atlantic thermohaline circulation. Climate Change 54:251-267. 
Wellborn, G. A., D. K. Skelly, and E. E. Werner. 1996. Mechanisms creating 
community structure across a freshwater habitat gradient. Annual Review of 
Ecology and Systematics 27:337-363. 
Williams, D. D. 1997. Temporary ponds and their invertebrate communities. Aquatic 
Conservation: Marine and Freshwater Ecosystems 7:105-117. 
 
 
 214 
APPENDIX 1a – STUDY PONDS 
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APPENDIX 1b. –  STUDY PONDS 
Fluctuating nature of some of the ponds in the survey. 
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APPENDIX 1c – STUDY POND INFORMATION 
Study pond information including pond location and which experimental chapters the 
data were used in.  D signifies ponds with dataloggers, the data for which were used in 
the hydrological model.  
 
Hill Pond Easting Northing CH2 CH3 
prelim 
CH3 
temporal 
CH4 CH5 
AB 1 308281 252331   D   
AB 2 308888 252366   D   
AB 3 308022 251736      
AB 4 308644 250843      
AB 5 309320 252460   D   
AB 6 310595 252560      
LL 7 307800 245190      
LL 8 308070 245535   D   
LL 9 312488 248240   D   
BG 10 314915 244313   D   
AB 11 308324 251624      
AB 12 308468 250933      
AB 13 308453 250695      
AB 14 310090 251445      
AB 15 310081 251353      
AB 16 309675 252026      
LL 17 312427 247924      
LL 18 310380 247105      
LL 19 308453 245945      
BG 20 314710 244233      
LL 21 308060 245260      
LL 22 314910 248240      
LL 23 311780 247640      
AB 24 309030 252360      
AB 25 308420 251880      
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Table 1. (cont.) 
 
Hill Pond Easting Northing CH2 CH3 
prelim 
CH3 
temporal 
CH4 CH5 
AB 26 310010 251171      
MA 27 312310 270820      
RH 28 315610 250720      
MA 29 312980 270910      
MA 30 313280 271000      
LL 31 309740 246600      
LL 32 314101 248719      
LL 33 310640 247820      
BG 34 315060 244370      
BG 35 314540 244150      
AB 36 308237 252236      
AB 37 309894 251899      
AB 38 310700 252380      
AB 39 308210 251502      
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APPENDIX 2 – CHAPTER 2 
Table 1.  - Plant species names and abbreviations 
Embryophytes  Tracheophytes  
Species Name Species Name Abbreviation 
SUBMERGED  SUBMERGED  
Sphagnum cuspidatum - Apium inundatum Apiu Inun 
Sphagum spp.(Other) - Callitriche spp Cali Spp 
Scorpidium spp. - Juncus bulbosus Junc Bulb 
Polytrichum spp. - Littorella uniflora Litt Unif 
  Myriophyllum alterniflorum Myri Alte 
 
 Ranunculus aquatilis Ranu Aqua 
  Nitella spp Nite spp. 
    
  FLOATING:  
  Lemna minor Lemn mino 
  Potamogeton polygonifolius Pota poly 
    
  EMERGENT:  
  Cardamine pratensis Card prat 
 
 Carex echinata Care echi 
  Carex nigra Care nigr 
  Eleocharis palustris Eleo palu 
  Galium palustre Gali palu 
 
 Glyceria fluitans Glyc flui 
  Hydrocotyle vulgaris Hydr vulg 
  Juncus articulatus  Junc arti 
  Juncus acutiflorus  Junc acut 
  Juncus effusus Junc effu 
  Lythrum portula Lyth port 
  Menyanthes trifoliata Meny trif 
  Molinia caerulea Moli caer 
  Myosotis scorpioides Myos scor 
  Pilularia globulifera Pilu globu 
  Potentilla erecta Pote erec 
  Ranunculus flammula Ranu flam 
  Ranunculus hederaceus Ranu heder 
  Sparganium erectum Sparg emer 
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Table 2. – Invertebrate species names and abbreviations 
Species Name      Abbreviation Species Name Abbreviation 
ANNELIDA  Paracymus scutellaris Para Scut 
Glossiphoniidae Glossipho Hydrobius fuscipes Hbus Fusc 
CRUSTACEA  Anacaena limbata Anac Limb 
Chirocephalus diaphanus Chir Diap Anacaena lutescens Anac Lute 
COLEOPTERA  Laccobius colon Lbus Colo 
Haliplus flavicollis Hali Flav Helochares punctatus Helo Punc 
Haliplus fulvus Hali Fulv Enochrus fuscipennis Enoc Fusc 
Haliplus ruficollis Hali Rufi Enochrus ochropterus Enoc Ochr 
Haliplus wehnckei Hali Wehn Helophorus aequalis Hphs Aequ 
Hygrobia hermanni Hgro Herm Helophorus flavipes Hphs Flav 
Noterus clavicornis Notr Clav Helophorus grandis Hphs Gran 
Laccophilus minutus Lacc Minu Helophorus granularis Hphs Grls 
Hydroglyphus geminus Hgly Gemi Helophorus griseus Hphs Gris 
Hygrotus impressopunctatus Coel Impr Helophorus minutus Hphs Minu 
Hygrotus inaequalis Hgro Inae Heterocerus spp Htcs Spp 
Hydroporus discretus Hpor Disc Dryops spp Dryo Spp 
Hydroporus erythrocephalus Hpor Eryt MOLLUSCA  
Hydroporus gyllenhalii Hpor Gyll Lymnaea peregra Lymn Pere 
Hydroporus longulus Hpor Long Gyraulus albus Gyra Albus 
Hydroporus memnonius Hpor Memn Sphaeriidae Spha erid 
Hydroporus nigrita Hpor Nigr EPHEMEROPTERA  
Hydroporus obscurus Hpor Obsc Cloeon dipterum Cloe Dipt 
Hydroporus palustris Hpor Palu Cloeon simile Cloe Simi 
Hydroporus planus Hpor Plan Caenis horaria Caen Hora 
Hydroporus pubescens Hpor Pubs PLECOPTERA  
Hydroporus striola Hpor Stri Nemoura cinerea Nemo Cine 
Hydroporus tristis Hpor Tris Leuctra spp Leuc Spp 
Hydroporus umbrosus Hpor Umbr ODONATA  
Agabus bipustulatus Agab Bipu Pyrrhosoma nymphula Pyrr Nymph 
Agabus montanus Agab Mcor Ischnura elegans Isch Eleg 
Agabus nebulosus Agab Nebu Ischnura pumilio Isch Pumi 
Ilybius ater Ilyb Ater Enallagma cyathigerum EnalCyath 
Ilybius fuliginosus Ilyb Fulig Coenagrion puella CoenPuell 
Rhantus exsoletus Rhan Exso Coenagrion puella CoenPuell 
Rhantus suturalis Rhan Slis Lestes sponsa LestSpon 
Rhantus suturellus Rhan Slus Aeshna spp. Aesh Spp 
Dytiscus marginalis Dyts Margi Libellula spp Libl Spp 
Gyrinus substriatus Gyri Subs Sympetrum spp Symp Spp 
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Table 2 (cont.) – Invertebrate species names and abbreviations 
 
Species Name      Abbreviation Species Name Abbreviation 
HEMIPTERA  TRICHOPTERA  
Hydrometra stagnorum Hmta Stag Holocentropus picicornis Holo Pici 
Gerris gibbifer Gers Gibb Anabolia nervosa Anab Nerv 
Gerris lacustris Gers Lacu Limnephilus auricula Limn Auri 
Gerris lateralis Gers Late Limnephilus lunatus Limn Luna 
Gerris odontogaster Gers Odon Limnephilus marmoratus Limn Marm 
Gerris thoracicus Gers Thor Limnephilus vittatus Limn Vitt 
Notonecta spp Ntnc taSp Athripsodes aterrimus Athr Ater 
Plea leachi Plea Leach Mystacides longicornis Myst Longi 
Callicorixa praeusta Cali Prae Triaenodes bicolor Tria Bico 
Corixa panzeri Coxa Panz Oecetis lacustris Oecs Lacu 
Corixa punctata Coxa Punc Oecetis ochracea Oecs Ochr 
Hesperocorixa castanea Hcxa Cast   
Hesperocorixa moesta Hcxa Moes   
Hesperocorixa sahlbergi Hcxa Sahl   
Arctocorisa germari Arct Germ   
Sigara dorsalis Siga Dors   
Sigara distincta Siga Dist   
Sigara falleni Siga Fall   
Sigara fossarum Siga Foss   
Sigara scotti Siga Scot   
Sigara lateralis Siga Late   
Sigara nigrolineata Siga Nglt   
Sigara concinna Pcxa Conc   
Sigara limitata Siga Limit   
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APPENDIX 4 – CHAPTER 4 
Table 1 – Invertebrate species names and abbreviations 
 
Species Name      Abbreviation Species Name Abbreviation 
CRUSTACEA  Gyrinidae  
Chirocephalus diaphanus ChirDiap Gyrinus substriatus GyriSubs 
COLEOPTERA  Haliplidae  
Dryopidae  Haliplus spp HaliSpp 
Dryops spp. DryoSpp Hydrophilidae  
Dytiscidae  Anacaena limbata AnacLimb 
Acilius sulcatus AcilSulc Anacaena lutescens AnacLute 
Agabus bipustulatus AgabBipu Berosus luridus BerosLuri 
Agabus melanocornis AgabMela Enochrus ochropterus EnocOchr 
Agabus nebulosus AhabNebu Helochares obscurus HeloObs 
Coelambus impressopunctatus CoelImpr Helochares punctatus HeloPunc 
Colymbytes fuscus ColyFusc Hydrobius fuscipes HydroFusc 
Hydroglyphus pusillus HglyGemi Paracymus scutellaris ParaScut 
Hydroporus erythrocephalus HporEryt Helophorus spp HphsSpp 
Hydroporus gyllenhali HyporGyll Hygrobia hermanii HygroHerm 
Hydroporus memnonius HporMemn EPHEMEROPTERA  
Hydroporus obscurus HporObsc Caenidae  
Hydroporus palustris HporPalu Caenis luctuosa CaenLuct 
Hydroporus planus HporPlan Baetidae  
Hydroporus pubescens HporPubs Centroptilum luteolum CentLute 
Hydroporus striola HporStri Cloeon dipterum CloeDipt 
Hygrotus confluens HgroConf Cloeon simile CloeSimi 
Hygrotus inequalis HgroIneq PLECOPTERA  
Hygrotus versicolor HgroVers Nemouridae Nemou 
Hyphydrus ovatus HphusOvat   
Laccophilus minutus LaccMinu   
Rhantus exsoletus RhanExso   
Rhantus suturalis RhanSlis   
Rhantus suturellus RhanSlus   
Noteridae    
Noterus clavicornis NoteClav   
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Table 1 (cont.) – Invertebrate species names and abbreviations 
Species Name      Abbreviation Species Name Abbreviation 
HEMIPTERA  ODONATA  
Corixidae  Aeshnidae  AeshNida 
Arctocorisa germari ArctGerm Libellulidae  LibeLula 
Callicorixa praeusta CaliPrae Coenagrionidae  CoenAgri 
Corixa panzeri CoxaPanz Lestidae  
Corixa punctata CoxaPunc Lestes sponsa LestSpon 
Hesperocorixa castanea HcxaCast TRICHOPTERA  
Hesperocorixa sahlbergi HcxaSahl Limnephilidae  
Paracorixa Concinna ParaConc 
 
 
Sigara distincta SigaDist Limnephilus auricula LimnAuri 
Sigara dorsalis SigaDors Limnephilus elegans LimnEleg 
Sigara falleni SigaFall Limnephilus lunatus LimnLuna 
Sigara fossarum SigaFoss Limnephilus luridus LimnLuri 
Sigara lateralis SigaLate Limnephilus marmoratus LimnMarmo 
Sigara limitata SigaLimit Limnephilus vittatus LimnVitt 
Sigara nigrolineata SigaNglt Leptoceridae  
Sigara scotti SigaScot Oecetis lacustris OecsLacu 
Cymatia bonsdorffii CymaBons Mystacides longicornis MystLong 
Notonectidae  Trianodes bicolor TriaBico 
Notonecta glauca NotoGlauc Phyyganeidaae  
Notonecta maculate NotoMacu Agrypnia obsoleta AgryObso 
Notonecta oblique NotoObliq Phryganea bipunctata PhryBipu 
Gerridae  Holocentropodidae  
Gerris lacustris GerrLacu Caseless Caddis Plolycent 
Gerris lateralis GerrLate JUVENILE STAGES  
Gerris thoracicus GerrThora Notonecta spp (nymphs) NotoNymp 
Pleidae  Gerris spp. (nymphs) GerrNymp 
Plea leachi PleaLeac Corixidae  CorixNym 
Hydrometridae  Coleoptera larvae ColeLarv 
Hydrometra stagnorum HmtaStag Diptera larvae DiptLarv 
    
MOLLUSCA    
Sphaeriidae Sphaeri   
Lymnaeidae    
Lymneae peregra LymnPere   
Planorbidae    
Gyraulus albus GyraAlb   
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